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“We see that strength and weakness are purely relative 
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1.1 Zusammenfassung  
 
Geologische Abschiebungssysteme sind von großer Bedeutung. Ein kommerziell wichtiger Aspekt 
sind hierbei die Eigenschaften der entstehenden Strukturen.. Lassen sich z.B. bei der Auswertung 
von Seismik-Daten Schichtverläufe und deren Versatz gut erkennen, so ist das Wissen bezüglich 
der  kleinräumigen Eigenschaften von Störungen, wie z.B. der Permeabilität, stark von 
theoretischen Modellen abhängig. Bisher wurden Störungssysteme hauptsächlich in kommerziell 
wichtigen, weichen Sedimentgesteinen untersucht, wohingegen harte, kohäsive Gesteine in der 
Forschung weitgehend vernachlässigt wurden. 
 
Exemplarisch wurde an dem Koa´e Störungssystem auf Big Island/Hawai´i ein Geländebeispiel für 
Störungen in harten Gesteinen bearbeitet. Die Geometrie dieses von basaltischen Lavastörmen 
geprägten Systems umfasst subvertikale Störungsflächen von bis zu 25 m Höhe und 
Öffnungsmagnituden von mehr als 5 m. Dies deutet darauf hin, dass dieses System sich maßgeblich 
von denen in weichen Sedimentgesteinen, oder von den Systemen bisheriger geologischer 
Modellierung stark unterscheidet. Die maßgeblichen Eigenschaften des Gesteins liegen in der 
hohen Stärke und einer  sehr geringenplastischen Verformungsmöglichkeit. Die Basaltsequenzen 
sind sehr hart, jedoch intern durch horizontale Lagen und Abkühlrisse gekennzeichnet Die 
Gesamtstärke des Materials ist demnach geringer als die in Laborexperimenten an einzelnen 
Bohrkernen/Handstücken ermittelten Werte. Eine Deformation solcher Systeme zeichnet sich 
zuerst durch ein eine interne Deformation aus. Kluftsysteme werden von propagierenden Störungen 
genutzt und internes Rotieren und Verschieben der Fragmente lockert das Gesamtsystem auf, 
wobei eine Verzahnung der Komponenten eine anfängliche Lokalisierung der Deformation 
maskiert. Erst wenn der Versatz die Durchschnittsgröße der Fragmente überschreitet, oder wenn 
eine kritische Auflast erreicht wird, brechen die Fragmente und eine Lokalisierung der Deformation 
als eigentliche Störung wird möglich. Das Koa´e Störungssystem ist gekennzeichnet durch offene 
Klüfte und Störungen die darauf hinweisen, dass die Risse erst eine Öffnung erfahren, bevor ein 
Vertikal- oder Scherversatz einsetzt Die im Gelände vorgefundenen Rampen und Wandstrukturen 
lassen sich durch ein skaliertes Analogmodell reproduzieren, in welchem Gipspulver als Substrat 
benutzt wird. Die Versuche werden durch den Einsatz von Digitalkameras dokumentiert und durch 
Softwareeinsatz (PIV-Analyse) quantitativ ausgewertet.  
 
Gips besitzt als kohäsives Pulver ähnliche Eigenschaften wie Basalt. Das Vorhandensein von 
verzahnten Klumpen aus einzelnen Gipskörnern kann als Analogie für die Basaltfragmente 
gewertet werden. Die verzahnten Klumpen lassen eine gewissen Versatz, sowie eine Rotation zu, 
bevor eine kritische Deformation die Klumpen zerbricht und eine Lokalisierung der Deformation 
einsetzt. Die Materialeigenschaften des Pulvers wurden mit der Hilfe von DelftChemTech, dem 
Pharmazeutischem Institut Würzburg und den Geräten der Endogenen Dynamik Aachen bestimmt 
Die Messung einer Zugfestigkeit von 33 Pa in Verbindung mit den Stärkemessungen aus den  
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Scherversuchen, geben dem Gips eine gebogene Grenzkurve im Mohrdiagramm. Die Krümmung 
der  
Kurve in oberflächennahem Regime führt dazu, dass der Mohr’sche Spannungskreis die 
Grenzkurve  
an verschiedenen Stellen gleichzeitig berühren kann. Das System ist demnach hochsensibel im 
oberflächennahem Bereich. Lokale Schwächezonen bestimmen somit das Auftreten und die 
Propagierung von Störungen in einem hohen Maß.  
Zwar treten in den Analogversuchen immer wieder die selben Strukturen auf, doch führt die 
Sensibilität des Systems zur Ausbildung verschiedener Morphologien an der Oberfläche. Zu ihnen 
zählen die Rampen- und Wandstrukturen der Koa´e Störungszone. Heterogenitäten an der 
Oberfläche bestimmen, wo die ersten Rissstrukturen auftreten, die wiederum maßgeblichen 
Einfluss an den Folgestrukturen einer gut ausgebildeten Störungszone haben. Dies führt zu einer 
geringen Reproduzierbarkeit der einzelnen Analogversuche, findet jedoch ihre Rechtfertigung in 
der Vielfältigkeit der morphologischen Querschnitte des Geländebeispiels. 
 
Die genaue Charakterisierung des Modelmaterials Gips zeigt die Wichtigkeit der Grenzkurve im 
Bezug auf die entstehenden Strukturen. Dies ist nicht nur von Bedeutung für die Modellierung der 
Koa´e Zone, sondern auch für den generellen Gebrauch von Materialien in Analogversuchen. Dem 
vielfach benutzten Sand in Analogmodellen fehlt die Kohäsion und Zugfestigkeit. Scherversuche 
sagen unter Annahme eines linearen Mohr-Coulomb Gesetzes dem Sand eine Kohäsion zu, wobei 
diese durch Interpolation bestimmt wird. Beim Versuch vertikale Strukturen aus Sand zu errichten 
sollte jedoch deutlich werden, dass diese Annahme falsch ist und eine lineare Interpolation im 
Mohrdiagramm zu falschen Ergebnissen führen wird. Die Rechtfertigung dieser Praxis liegt allein 
darin, dass die Eigenschaften der Gesteine in der selben Weise beschrieben werden. Dies führt zu 
einer Übereinstimmung der Materialeigenschaften für Spannungsbereiche in tieferen Regime, trifft 
jedoch nicht für oberflächennahe Strukturen zu. Die vertikalen Wände der Koa´e Störungen sowie 
viele andere Gesteinswände zeigen jedoch, dass reale Gesteine eine deutliche Kohäsion und 
Zugfestigkeit haben und demnach Sand als Analogmaterial nicht zulassen. Kohäsives Pulver eignet 
allerdings sich bei entsprechender Materialcharakterisierung – wie in dieser Arbeit aufgeführt - als 
Analog für derartige Gesteine. Mit einer Zugfestigkeit von 33 Pa, einer Kohäsion von 62 Pa und 
einer zunehmend linear werdenden Grenzkurze in tieferen Bereichen, hat das Gipspulver deutliche 
Vorteile gegenüber kohäsionslosen Medien wie Sand. 
 
Deformationsstrukturen wie offene Klüfte, zunehmende Fragmentierung, Blockrotation und 
schmale nicht-dilatante Deformationszonen schreiben diesem Modelmaterial enormes Potential zu. 
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1.2 Abstract 
 
Normal fault systems are basic features in commercially important geological structures like e.g. 
sedimentary basins. While the interpretation of seismic data sets reveals the structure of the strata 
and its offset by larger faults, the properties of the fault planes itself remain undetermined. The 
information on e.g. permeability of laterally confined fault systems is derived from outcrops or 
theoretical models. The scope of the faulting research focuses on softer unconsolidated materials as 
they occur in sedimentary domains. Harder cohesive rock sequences were so far largely neglected. 
 
The Koa´e fault zone on Big Island/Hawai´i is characterized to act as an example for a normal fault 
system in cohesive materials. The Koa´e system is located in a sequence of subaerial emplaced 
basalt flows. The main features of the fault zone are subvertical scarps up to 25 m height, as well as 
large opening magnitudes beyond 5 m width, showing the discrepancy to the soft sedimentary 
systems. 
 
The governing properties of the basalt are the high strength in combination with a dense pattern of 
potential weakness planes like cooling joints or delamination planes. The material is therefore less 
strong than laboratory measurements suggest. Initial deformation of the rigid material is evident by 
a rotation and shifting of the predefined fragments. The system is able to compensate some 
deformation by the displacement of the fragments until the offset exceeds the fragment size or until 
the stresses are high enough to crush the fragments. The deformation is spread and not localized 
until this stage.  
 
The Koa´e fault system shows open fissures and faults documenting an initial mode-I movement 
preceding a further mode-II or III movement. The variety of observed cross-sectional morphologies 
of the fault system are reproducible by a scaled analogue model using gypsum powder. 
Documented by digital cameras time-lapse movies and their quantitative analysis by a PIV software 
are derived. 
 
Gypsum powder shows as fine-grained cohesive material similar properties as the basaltic rock. 
The powder forms irregular indenting clusters. These react in a shallow regime by the same 
rotation and shifting until prolonged deformation breaks down the clusters into smaller fragments. 
Localization sets in and the relative strength of the fault zone is reduced. 
 
The material properties of the powder were measured at DelftChemTech, the Pharmazeutisches 
Insitut Würzburg and at the Endogene Dynamik Aachen. A tensile strength of 33 Pa together the 
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measurements of the shear experiments document a curved yield locus for the gypsum powder in 
the Mohr space. 
 
The curvature of the Mohr circles and the yield locus of the powder are similar in the shallow 
regime. Since the two touch each other at multiple points the system obtains a high sensitivity, 
governed by local heterogeneities and not by the local stress field. This results in a non-linear 
system with different fault locations and dip angles. 
 
The corresponding surface morphologies are similar but show a variety. The  ramp and scarp type 
end members are observed in the field as well. 
Since the first deformation structures at the surface govern the development of the morphology, the 
system has a low reproducibility. The morphologies in the Koa’e zone may therefore be a result of 
the freedoms in the system and not a result of different initial boundary conditions. 
 
The material characterization of the powder reveales the importance of the yield envelope shape to 
the evolving structures. This applies not only for the Koa’e fault zone model but also to analogue 
modelling in general. The standard material sand lacks a tensile strength and true cohesion since it 
is not able to support vertical structures. Interpolated shear strengths of sand indicate a cohesion if 
using a linear Mohr-Coulomb relationship. This way of material handling is only justified by the 
fact, that the material properties of the rock material are described in the same manner. In deeper 
regimes the linear part of the yield envelope may be similar, but the material behaviour in shallow 
regimes deviate. 
Vertical rock walls as seen in the Koa’e fault zone or in any cliff document the tensile strength and 
cohesion of rock material and indicate that sand is not an adequate model material for strong rocks. 
 
Powder however is capable to mimic these conditions if the material characterization is done 
properly. With a tensile strength of 33 Pa, a cohesion of 62 Pa and a linear yield locus in deeper 
parts, the gypsum powder represents a material that has obvious advantages in respect to sand. 
 
Deformation structures like open fissures, progressive fragmentation, block rotation and thin non-
dilatant deformation zones display the large potential of this material. 
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2 Introduction 
 
 
Introduction to the thesis, giving an 
overview on the structure and the aim 
of this work. 
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2.1 An introduction to normal faulting  
 
The earth crust is subject deformation as a result of differential stresses. The repertoire of 
deformation features is large and an important process in the upper crust is the failure of the rock 
and its localization into narrow planes. This process of faulting leads to a highly anisotropy 
displacement field and also to a corresponding anisotropy in various rock body properties. 
ANDERSON stated  in respect to the Mohr-Coulomb theory that the processes and the settings of 
faulting types can be divided into three classes directly linked to the orientation of the principle 
stresses. Are the highest principle stresses σ1,  σ2 horizontal and the least compressive stress σ3 
vertical (Fig. 2.1, lower sketches), thrust faulting is evident. These compression structures show 
shallow dipping fault planes.  
 
When the vertical stress is the highest principle stress σ1 and a horizontal oriented stress is the least 
compressive σ3 (Fig. 2.1, upper sketch), the failure structures are normal faults with steeply dipping 
fault planes (Strike slip tectonics are not shown, see SUPPE or ANDERSON for this type).   
 
The domain of normal faulting is the focus of this work. The least compressive stress σ3 is oriented 
horizontally supported by regional extension with σ1 acting vertically due to the response of the 
rock mass itself to the gravitational force. The normal fault or extensional setting is very common 
in the earth crust due to various reasons.  
This can be gravitational failure due to extended mass accumulation (e.g. Hawai’i, delta 
sequences), rifting processes in any crustal settings (e.g. Iceland, Rhine Graben, East African Rift, 
Mid Oceanic Ridges), general subsidence due to compression or thermal contraction (many 
sediment basins) or failure within tectonic basins (e.g. pull-apart structures). 
 
 
Fig. 2.1 – Normal faulting (upper sketches) and thrust faulting are a result of the 
orientation of the principle stresses. See text for details (Modified after SUPPE and 
ANDERSON).  
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Extensional settings are or a large economic significance. The majority of resources is accumulated 
within sedimentary basins. The subsidence of the basins allows under favourable conditions the 
accumulation of organic matter. The extensional character of the basins leads to formation of 
normal fault systems. Since the properties of the faults differ form the rock body, permeable 
networks or impermeable barriers evolve, having a major impact on the basin itself. The processes 
and the geometry of normal faulting are studied largely on the corresponding “soft” sedimentary 
rock material, whereas the settings in stronger rocks have been largely neglected. 
 
Work done by e.g. GUDMUNDSSON, ANGELIER et al., ACOCELLA et al., BERGERAT et al.,  
DUFFIELD, LANGLEY, OBUKO and MARTEL, WALTER and TROLL illustrate that normal 
faulting within harder cohesive sequences differs noticeably from the structures seen in 
unconsolidated sediments (Fig. 2.2). 
 
Basaltic outcrops on Iceland and Hawaii show large gaping fissures, normal faults with stable 
vertical walls and prominent opening magnitudes. These features suggest, that the mechanical 
properties and the evolution of these faults differs noticeably form the unconsolidated analogues. 
Questions arise not only about the mechanics but also about the resulting properties like fluid flow. 
 
 
 
 
Fig. 2.2: Normal fault in Pingvellir/Iceland 
showing large gapping fissures and vertical fault 
scarps. Image from ARTHUS-BERTRAND 
(2001) 
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Faulting is – like most aspects of geology – a subject that challenges the human mind: the 
structures are often hidden in the subsurface and geometrical information is fragmentary. The 
observations provide only a snapshot of the system since the evolution of the majority of the faults 
exceeds the lifespan of a human being by several magnitudes. To understand the characteristics of 
faulting several approaches are possible:  Fieldwork, analogue modelling and numerical modelling. 
All these approaches have their limitations (see Table 2.1), so the best way is to combine all three 
of these and end up with a model that is consistent with the original field observations.  
 
This work uses field data in combination with analogue modelling to gather insight into the 
processes and the structures of fault zones in cohesive volcanic sequences. 
 
 
 
 
 
Field work/observations Numerical models Analogue models 
Contra 
 
Field work does normally not 
reveal 3D structure. 
 
Seimic provides 3D and 4D, 
but in a poor spatial 
resolution. 
 
Snapshot image in time. 
 
 
 
The model is based on the 
physical laws implemented 
by the user. 
 
Boundary conditions are not 
exactly known to user  
 
Geometric and physical 
complexity is limited by the 
computing power. 
 
 
 
Material and setup needs to 
be scaled. Scaling range 
itself is limited to the 
properties of the materials. 
 
Scaling enforces neglecting 
certain parameters. 
Pro 
 
It is the real world.  
All physical laws and laws of 
nature apply. No scaling 
issues are of any concern. 
 
Total 4D approach is 
possible. 
 
Model can be held simple to 
look for the governing 
features. 
 
Scaling (most important: size 
and time) is determined by 
the user. 
 
 
 
Full analysis is possible. 
 
Physical rules / laws of 
nature don’t have to be 
implemented. 
 
 
   
Table 2.1: Advantages and disadvantages of the 
three possible approaches 
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Fig. 2.2 – Screenshot of the html document on the attached dvd-rom. A large compilation of 
movies is provided. The best possible way of understanding the deformation structures is to 
look at them while they evolve. The reader is urged to combine this document with the 
compilation of the movies. (See chapter 2.3 for details on soft- and hardware requirements) 
 
 
2.2 Aim and structure of this work 
 
Aim of this work is to gather insight into the processes of normal faulting in basaltic crust by 
combining literature data, field observations carried out on Hawai’i and analogue modelling.  
 
The observations are the very starting point of this work and at the same time the finish. The 
document starts after an introduction with Chapter 3, which presents the natural example: The 
Koa´e fault zone on the Big Island / Hawaii. The results of the fieldwork along with some research 
done by other authors are given to characterize a normal fault zone in much detail as possible. The 
main features and key points are highlighted to act as a starting point for the analogue modelling.  
 
The analogue experiments are presented in Chapter 4.  After giving a broad overview on the 
techniques and the history of general analogue modelling the used model is introduced. The 
material properties, the geometry and boundary conditions of the model setup are discussed.  
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Experiments were photographed with a number of digital cameras to produce time-lapse movies. 
Some images are analysed with a PIV1 software. Since it is impossible to include this flood of 
visual information, on paper a dvd-rom (Fig. 2.2) is attached to this document to provide a 
selection of the movies. The reader is urged to combine the dvd with this document, since the 
visual impression of movies enhances the understanding of the processes significantly. See next 
chapter for hardware and software requirements. Chapter 5 presents the details on the movies and 
the results derived by the modelling and the analysis.  
 
Chapter 6 closes the circle and presents and discusses the results in respect to the field 
observations. The possibilities and restrictions of the used modelling technique are discussed as 
well. Chapter 6 closes the circle but opens the used modelling technique to a variety of new 
applications. 
 
The Chapter 7 is - as the appendix - the largest part of this document. It provides the reader with 
information about details of this work. These can be descriptions of the processing of information 
and the creation of plots used in the main document. Additional plots that are not in the main 
document are listed here as well. 
 
2.2.1 Requirements for using the dvd-rom 
 
The attached dvd was necessary to put the large amount of information to a data carrier. The 
movies exceed the space of a single cd-rom by several magnitudes. Unfortunately no dvd-standard 
has established itself yet. The chosen format was DVD-R, since it is currently the most common. 
format. Should your computer not be able to read the medium it is possible to obtain a set of cd-
roms that can be copied to a hard disk. Please contact the author.  
The data carrier holds a large amount of Apple Quicktime movies. This format provides good 
quality and good navigation abilities. It is freely available and runs on different platforms2. The 
installation of the player into your system is necessary to access the documents. Please browse to 
www.quicktime.com for files or information on Quicktime.  
The data itself is presented in a html document form. This allows easy navigation with a common 
browser. The pages are tested on Safari, Netscape, IExplorer, Mozilla and Opera. Note that your 
browser should support frames and a screen resolution of at least3 1280×960/24bit. Best viewing 
abilities are obtained by using 1600×1200 pixel. Please allow your computer some time to load the 
movies. 
                                                          
1 Particle image velocimetry. A technique, were sections of an image are correlated to sequent images to 
determine its displacement. See corresponding section for details. 
2 Linux users may use e.g. the Xine player – browse to xine.sf.net 
3 Users with small screens will experience restrictions if using resolutions of 1024×768 or smaller. 
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3 The Koa´e fault zone 
 
 
Field observations and interpretation 
of some of the details of the Koa´e 
fault zone to act as a natural example 
for faults in cohesive volcanic 
sequences. 
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Fig. 3.1 – The youngest island of the Hawaiian Island Chain: Hawai´i or also called the “Big 
Island”. The island consists of 5 volcanic edifices. Kīlauea as the youngest of all the volcanoes 
is located on the slopes of Mauna Loa. The continuous mass accumulation of all Hawaiian 
volcanoes results in gravitational failure and extensive slumping. Box indicates location of next 
figure (Shaded relief image; illumination 315°/25°), modified after HOLLAND 2003). 
 
3.1 Introduction  
 
The possibilities of field observations of normal faults in cohesive sequences are numerous. 
Although the majority of the fault domains are located in submerged oceanic crust, surface 
outcrops are available in large numbers as well. The Mid-Atlantic ridge exposed on Iceland and 
other basaltic hot spot sites are only some examples among a diverse repertoire (ACOCELLA et 
al., ANGELIER et al., BERGERAT et al., DUFFIELD, LANGLEY, PERFIT et al.) 
 
The field observations in this work on the surface expressions of normal faults are carried out on 
the Big Island of the Hawaiian Island Chain. The exclusively basaltic sequence of almost entirely 
flow-emplaced volcanic material provides insight in rifting and faulting features in this material 
type. Climatic conditions and the recent character (Fig. 3.2) provide ideal outcrop conditions4. 
                                                          
4 The already mentioned example on Iceland shows unfavourable climatic conditions. This is believed to 
cause extensive physical weathering due to frost and limited insight into surface structures due to moss 
cover. Apart from climatic conditions Hawai´i proved many other advantages like the cooperation with the 
University of Hawaii at Mānoa. 
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Fig. 3.2 – Detail images of a sub area of the previous figure. Upper figure: LANDSAT image shows 
outcrop conditions in terms of vegetation (band 3, 2, 1 as RGB; manually stretched LUT). Lower 
figure: Shaded relief image; illumination 315°/25° (HOLLAND 2003). The grey box highlights the 
approximate boundaries of the mapping area. Please refer to the Diploma mapping for details. 
 
 
pdf printout   diploma thesis  
20 
 
3.2 Location and setting of the fault zone 
 
The Koa´e fault zone – which acts as the field example - is an active fault zone with predominantly 
normal faults and prominent mode-I fractures. It is located on the southernmost and therefore 
youngest Island of the Hawaiian Island Chain (Fig. 3.1, 3.2).  
 
The islands are a result of hot spot volcanism and consist of sequences of basaltic magma. The 
material characteristics are variable due to different ways of magma emplacement. The frequent 
sub-aerial eruptions are dominated by a lava flow type emplacement, minimizing the amount of 
soft pyroclastic material. 
 
The active shield volcano Kīlauea (Fig. 3.2) that hosts the study area consist of a number of 
structures related to the build-up of the edifice (DUFFIELD). Apart from the summit caldera with 
Halema´uma´u crater, two rift zones can be observed: the southwest and the east rift zone. The 
recent activity (e.g. Pu´u ´Ō´ō, Fig. 3.2, 3.3) is currently concentrated primarily in the east rift zone 
(e.g. DUFFIELD, ROWLAND), whereas eruptions on the southwest rift and the caldera are less 
frequent but less than 20 years old. Both rift zones show primarily mode-I fractures often masked 
by recent flow units feed by fissure eruptions.  
  
 
Fig. 3.3 – Earthquake locations of >M2 in the period from 1976 to 1982. Image covers 
approximately the same area as the two previous images. (Modified map taken from DIETRICH et 
al.) 
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The east rift zone is curved and shows apart from fissures the formation of pit craters (see OBUKO 
& MARTEL for details) in the proximity of the caldera, which trace the rift system in this part 
where visible fractures lack on the aerial images. 
 
The two rift systems merge at the caldera. A further link between the rift zones can be seen farther 
south by the Koa´e fault system, that in contrast to the rift zones presents a normal fault system. 
These three features (DUFFIELD) form a continuous fault zone separating the north-western static 
block5 from the mobile southern flank. Extensive gravitational failure is visible by the formation of 
large fault scarps close to the coast – the Hilina fault system (Fig. 3.2, lower image, S of Koa´e 
fault system). Based on geodetic and seismic studies (DUFFIELD) the extensional fault zone 
separating the flank from the volcano reaches depths of approximately 10 km, detaching the entire 
flank. In this depth the former ocean floor is assumed (DUFFIELD) and may act as a major 
structural interface. LANGLEY quotes the work of e.g. OWEN et al. speaking of seaward 
displacement of approximately 10 cm/a. Maximum displacement occurs in the central southern 
block while the western and eastern parts move considerably slower (Fig. 3.6).  
 
The Koa´e fault zone in this system shows relative subsidence (LANGLEY quoting DELANY et 
al., 1993) to the Kīlauea Base station, while the seaward end of the southern block is uplifted. This 
might be a result of an inclined seafloor due to isostatic effects or a result of block rotation.  
                                                          
5 The static character is due to the presence of Mauna Loa. Kīlauea grew on the flank of the large 
neighbouring edifice. 
 
Fig. 3.4 – Sign along the Highway No. 11 in the proximity of the National Park 
entrance indicating the recent character of surface deformation on Kīlauea 
volcano/Hawaii. 
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3.2.1 General setting of hosting structure: Kīlauea 
Kīlauea is probably the best monitored volcano on the world. The variety of published information 
is large and provides a good starting point for this research (e.g. CANNON, DECKER, DIETRICH 
et al., DUFFIELD, LANGLEY, LESLIE et al., MORGAN et al., OBUKO et al., ROWLAND, 
WOLFE). 
 
The seismic network on the volcano and adjacent areas is quite dense and provides a large data set 
together with detailed measurements of surface deformation (Fig. 3.3, 3.6).  
Up to 1975 the activity of Kīlauea was predominantly eruptional (DIETRICH et al.). This includes 
the Mauna Iki eruptions in the SW rift in 1970, 1971; the Ka´ū desert lava flow from 1974; Mauna 
Ulu lava shield eruptions on the E rift 1969-1974; as well as a number of eruptional events in the 
caldera itself in 1971, 1974 and 1975 to name a few (ROWLAND, Hawai´i Volcanoes National 
Park brochure).  
 
After the M7.2 Kalapana earthquake in 1975 the effusive character changed into a predominantly 
intrusive one (DIETRICH et al.). In the following period from 1976-83 the fastest deformation 
rates ever were recorded. The rate of rift opening was assumed to be 40 cm/a in average 
(DIETRICH et al.) based on ground deformation data. The deformation was caused by the intrusion 
of magma in a dike-like magma-system within the rift zones (Fig. 3.5). 
  
The period of ultra-fast deformation and extensive seismic events ended in 1983 with the start of 
the Pu´u ´Ō´ō-Kupaianaha eruption. The initiation of this eruption was a 2 m opening of the rift 
zone. An almost continuous eruption started that is still active to present days. The volcanic 
behaviour changed back from intrusive to effusive. This was evident in a decrease of the 
deformation rate to 4 cm/a (DIETRICH et al. quoting DELANEY). Formerly compressed zones 
close to the E rift zone started to expand again. The ongoing eruption produces approximately 0.18 
km³/a basalt (DIETRICH et al. quoting CAYOL et al. (2000), WOLFE et al. (1987) and 
HEILIKER & MATTOX (2003)). This value is the sum of effusive flow, rift expansion or both.  
 
 
Fig. 3.5 – Cross-sectional sketch of the 
basic situation of the entire system. An 
approximately 3 km deep dike-like intrusion 
within the rift zone, a low-angle fault 
(aseimic and creeping proximal to the dike) 
and a rather coherent flank form an 
idealized model. (Image taken from 
DIETRICH et al.) 
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The magma is derived from a conduit located underneath Kīlaua`s with a vertical, tabular magma 
reservoir (DIETRICH et al. quoting:  FISKE, KINOSHITA (1969), KLEIN et al. (1987), WRIGHT 
& FISKE (1971), HILL & ZUCCA (1987), OBUKO et al. (1987), GILLARD et al. (1996), RUBIN 
et al. (1998), DELANEY et al. (1990)).  
 
From this summit region lava is transported laterally into the two rift zones. These are interpreted 
to be the highly stressed zones of the reservoir. Long wavelength deformation suggests that the rift 
zone is a dike-like-reservoir with an extent ranging from approximately 3 km down to the volcano-
ocean-floor interface at approximately 9-10 km depth. Evidence for a décollement at this depth was 
provided by ANDO (1979) and BYRAN (1992) analysing the 1975 M7.2 and 1989 M6.1 
earthquakes. 
These earthquakes showed seaward motion on a low angle fault. High rates of seismicity range in 
depth from 6 to 12 km (DIETRICH et al.). GOT et al. (1994) showed in accordance to ANDO and 
BYRAN that the earthquakes reveal a north (landward) dipping low-angle fault that corresponds to 
the base of the edifice (as show as in Fig. 3.5).  
 
The sections of the décollement close to Kīlauea caldera show low seismic activity probably due to 
the different temperature setting.  
0                10 km
Pu´u ´O´o
Kilauea caldera
> 24 cm/a
 0 cm/a
< -8 cm/a
 
Fig. 3.6 – Surface deformation rate in the period from 1976-1982 recorded by triangulation. 
Positive values are extension, negative values are shortening. Data by DELANEY et al. (Figure 
taken from DIETRICH et al.; figure modified) 
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The elevated temperatures could favour fault creep, whereas the distal parts show frictional 
behaviour revealed by earthquakes (DIETRICH et al. quoting TSE & RICE (1986)). WOLFE et al. 
(2003) recently increased the accuracy for analyzing deeper seismic events. An additional active 
low-angle fault plane is found in 30 km depth, reflecting tectonic faulting in brittle lithosphere. The 
movement on the fault system is believed to be caused by the magma pathways, the loading of 
Kīlauea itself, as well as the flexure of the lithosphere by the entire island. If this fault system has a 
major influence on the surface deformation is however not mentioned. 
Far more important is the already mentioned décollement in 9-12 km depth, with a landward low-
angle dipping plane. This décollement allows seaward slip during intrusive events and general mass 
accumulation.  
 
The internal segmentation of this southern block is not completely understood (Fig. 3.7).  
Different authors (LESLIE et al., MORGAN et al.) suggest that the block is not segmented into a 
sequence of seaward dipping faults (deep-seated rotational slump blocks; Fig. 3.7, upper row) but 
that it is coherent at depth. A series of seaward dipping faults (evident in the field by e.g. the Hilina 
Pali system6) are rather shallow and do not cross-cut the system down to the décollement (Fig. 3.7, 
middle row). Note that toe of the flank shows sediment accretion and overthrusting (MORGAN et 
al.).  
 
A total displacement of the system of approximately 24 km is suggested by MORGAN et al. that 
corresponds with the 14 km wide base of the dike zone inferred by seismic refraction. (MORGAN 
et al. quoting HILL & ZUCCA (1987)). 
                                                          
6 Fig. 3.7 (middle row) suggests, that the faults associated with the flanks of Mauna Loa are - in contrast to 
the Hilina Pali faults - deep-rooted. 
 
Fig. 3.7 – Possible segmentation of 
the southern flank of Kīlauea 
volcano. (Sketch taken from 
MORGAN et al.) 
 
 
 
A: Deep-seated 
rotational slump blocks
B: Deep-seated slump, 
with overthrusting at toe
C: Shallow rotational 
slump blocks
SENW
 
 
 
 
diploma thesis    pdf printout 
25 
3.2.2 Summary  
 
The ongoing mass accumulation and the injection of large amounts of magma into the edifice of 
Kīlauea result in a general SW movement of a coherent southern block. The boundary of the block 
to  
 the “stationary” centre is given by the SW and E rift zones. The base of the southern block is given 
by the volcano-ocean bottom interface. This interface at 9-12 km dips with approximately 5°  
towards the centre of the island. Shallow gravitational failure of the block is visible by e.g. the 
Hilina Pali fault system. These faults do not penetrate the entire block down to the décollement.  
Although the southern block is well described, less is known about the Koa´e fault system that 
interconnects the E and SW rift zones and is located within the coherent block. Although brittle 
failure is reported in depths of 30 km, the maximum depth of the Koa´e faults7 is defined by the 
décollement in 9-12 km depth 
 
3.2.3 The depth of the Koa´e faults 
 
Although monitored seismically, little information is available on the detailed structures of the 
deeper parts of the system. The exact link of the Koa´e system to the entire mobile flank is poorly 
understood. DUFFIELD speaks of an “accordion-like” deformation of the Koa´e zone, reacting 
differently on periodic changes between effusion and intrusion of magma. 
Although a seismically active zone exists in 10 km depth, other areas of potential movement have 
to be taken into account as well. A nearly horizontal layer of weak hyaloclastite is believed to exist 
in approximately 1 km depth (DUFFIELD, quoting MOORE and FISKE, 1969).  
The application of HANSEN’S graben-rule8 gives DUFFIELD a calculated fault depth of 667 m 
for the Koa´e system, which differs considerably from his proposed 10 km. He correlates the 
discrepancy to a minor amount in the formation of gaping fissures and to a major amount in the 
intrusion of dikes into the fault zone. However, direct evidence for diking within the Koa´e fault 
zone has not yet been found (DUFFIELD).  
 
                                                          
7 Assuming the Koa´e faults reach that deep.  
8 HANSEN’S graben rule is based on the conservation of volume applied to a cross-sectional area and links 
the size of the graben with the dilatation of the fault. 
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3.3 Surface expressions 
 
The Koa´e fault zone is approximately 12 km long and interconnects the two rift zones. Being 
oriented WSW/ENE, the mean strike of the faults is parallel to the East rift zone (Fig. 3.2, 3.20). 
The width of the zone diminishes from E to W with major faults merging. The dilatation decreases 
along to this trend as well. DUFFIELD measured surface dilation along two transects and 
determined 19 m in the western and 33 m in the eastern section of the zone. The Koa´e fault zone 
itself slipped continuously since 1970 (LANGLEY quoting DENLINGER and OBUKO, 1995) 
while a single fault segment at the SE end of the Koa´e fault zone has a documented slip rate of 3 
cm/a (LANGLEY quoting DELANY et al., 1993). 
 
The main morphological features are fault cluster zones. The deformation is not evenly distributed 
but concentrated around large normal faults with dominant morphological scarps (in some cases 
more than 20 m high9), whereas faults with smaller maximum scarp height (in the order of less 2 
m) are rare. The normal faults show predominantly NNW facing scarps not as expected from the 
movement of the southern block. The scarps themselves are subvertical and show different cross-
sectional shapes (Fig. 3.9) discussed in detail in the next chapter. The overall (top-view) shape 
(Fig. 3.16, 3.17) is sinusoidal (DUFFIELD) suggesting linkage of primary isolated segments. 
Although DUFFIELD speaks of isolated fractures, the linkage presents the larger faults as 
continuous morphological features that are laterally consistent. 
                                                          
9 Keeping in mind, that the faults are periodically sealed with lava flows and that they are subject to physical 
weathering the current scarp height may reflect only a fraction of the true vertical offset. 
 
 
Fig. 3.8 – The surface expressions of the Koa´e fault zone range between two major end 
members: ramp structures and sharp steps. Please see figure 3.9 for detailed cross-sectional 
views. (Depth extrapolation of the fissures/faults is unknown) 
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3.3.1 The morphological cross sections of well developed scarps 
 
The range of morphological cross sections is illustrated by a number of end-members. Figure 3.9 
illustrates the observed variety that occurs on central parts of the faults.  
In the general case the tilt of the surface on the footwall and hangingwall remains sub-horizontal10 
in the distal parts of the fault (if neglecting the overall subtle southern dip). The proximal parts 
however are either bent, tilted or broken by the normal fault offsets. This is however evident only 
in the direct proximity of the fault clusters. These clusters commonly consist of one obvious fault 
scarp and a number of open fissures without prominent vertical offset (Fig. 3.8, Fig. 3.16). These 
mode-I cracks are usually found on the footwall block (the “upthrown” block) while they often lack 
on the hanging wall block (the “downthrown” block).The scarps often act as traps for emplaced 
lava flows (Fig. 3.15) or for aeolian sediments. Outcrops of the fissure pattern of the downthrown 
                                                          
10 This is the subjective impression obtained during field work, as well as the impression raised by the rather 
coarse DEM. 
 
Fig. 3.9 – Two end members were observed during 
fieldwork, which differ in their cross-sectional 
geometry. These first two are the most prominent 
members while the others are deviations from them, 
or rare examples. The line close to the surface is 
indicative for the observed bedding orientation. 
Vertical extent of the faults and fissures is 
generalized since no observations were possible. 
Maximum scarp heights as well as the maximum 
morphological elevation change is in the order of 
approximately 25 m. Please see the corresponding 
chapter for descriptions and field images. 
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block are therefore limited. Some rare locations were found where a dominant fissure system was 
also developed on the hanging wall surface. The variations of the cross-sectional members are 
discussed in the following section.  
3.3.1.1 Member 1: Sharp scarp  
 
This cross-sectional type (see Fig. 3.9, uppermost sketch) is very common. The footwall block 
shows no significant tilt towards the scarp. The upper part shows scarp parallel open fissures with 
predominantly mode-I displacement. The field observations suggest that the opening magnitude 
and the frequency of these fissures are less common at sharp scraps than in e.g. ramp cases12. Often 
                                                          
11 This small normal fault did not show an opening at the base. Since any debris is missing it is probable that 
the fault started with a large opening, and a vertical offset. The debris could be consumed by the fissure until 
a change in movement closed the mode-I opening. 
12 The impression was generated during fieldwork since it was considered saver to walk parallel to a scrap 
than parallel to a ramp. 
 
Fig. 3.10 – Various images of fault morphologies with subvertical scarps. Upper left: The vertical 
scarp ends in a deformed ramp structure that has a base of debris. Note the Ohia trees on the 
footwall indicating the existence of fissures. Upper right: Look along one of the major Koa´e 
scarps. In the background (arrow) the vertical character of the fault becomes obvious. Note the 
accumulation of sediments towards the scarp. Lower left: An untypical normal fault (Scarp faces 
SSW) within the central Ka`ū desert with a small vertical offset. Hardly any debris is accumulated 
at the base due to the small offset and the coherence of the material11. Lower right: Subvertical 
fault scarp S of the Hilina Pali road. Scarp shows no ramp structure at the base. See appendix 
(7.3.1) for location of the images 
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the frequency of these fissures is limited to few single but laterally consistent fissures. These are 
located in the direct proximity (a few meters) of the fault scarp. The scarp itself is subvertical. 
Inclined fault surfaces were not found.  
 Generally the base of the scarp is covered by debris that has fallen from the vertical wall 
downwards. With small vertical offsets this debris are absent. Slickensides or other indicative 
displacement indicators were not observed. Either the material hosting these features has collapsed 
or the material has a preceding mode-I movement before vertical offset starts.  
 In some cases the scarp height is identical with the full morphological offset (Fig. 3.10, lower 
row). In other cases the scarp terminates in an accumulation of debris and a monocline flexure that 
gradually descends to the virtually undeformed hanging wall (Fig. 3.10, upper left).  
 
 
Fig. 3.11 – Images of ramp-bearing fault segments. Upper left: The abundance of fissures on the 
footwall block is much higher as seen in the previous type. These are in contrast less consistent in 
length. Upper right: Ramp structure seen in the proximity of the Ka`ū desert trail termination at 
Hilina Pali road. Note that the ramp does not terminate gradually into the hanging wall surface but 
terminates with a kink or with an accumulation of debris. Lower left: A scarp bearing section of the 
fault zone gradually transforms into a section dominated by a ramp. Both members show debris 
accumulations. Lower right: View from the footwall along the fault. Note that the surface is 
intensely fractured and large mode-I fractures are evident. Tilting of the surface or accordingly the 
formation of lenses is evident. See appendix (7.3.1) for location of the images. Figure 3.9, second 
sketch, shows the equivalent image. 
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3.3.1.2 Member 2: Ramp dominated structures 
 
The morphological offset is not always created by the formation of fault scarps. In many cases the 
footwall is separated from the hanging wall by an array of mode-I fissures and an obvious ramp 
structure (see Fig. 3.9, second sketch). The formerly horizontal surface – as indicated by flow 
textures – is tilted and may reach angles up to 90° (Fig. 3.11, upper right). The upper flexure of the 
ramp shows a dense pattern of mode-I fractures within 10’s of meters from the ramp axis (Fig. 
3.11, upper left). A high amount of distal, smaller fractures changes to large opening fractures 
towards the upper bending axis or upper hinge of the ramp (Fig, 3.11, lower right). This set of 
fractures often induces segmentation in the upper part with dominant surface tilts. Although large 
in size, the deeper structure of these voids remains a mystery since wall failure (debris 
accumulation) and sediment accumulation mask the character in some meters depth. The ramp 
structures hardly have a symmetrical monocline character but terminate in the base with a 
prominent kink or an accumulation of debris. Beyond the debris no intense fracturing nor a 
morphology is visible, that deviates considerably from the undeformed domains. Although the 
ramps show a curved morphology, intensive fracturing on the ramp is not abundant. Prominent 
debris is in most cases only observed at the base of the ramps. 
 
3.3.1.3 Member 3, 4: Deviations from the ramp structure 
 
The general ramp structure described in the previous section can be modified into the members 3 
and 4. Similar to member 2, no direct fault scarps are developed. Large open fractures are visible 
on the footwall as well. Again these fissures are largest closest to the contact footwall/hanging 
wall. The obvious vertical offset is given by an inclined ramp surface. In the case of member 3 this 
surface is first descending but then ends in an upward-bend and a prominent kink (Fig. 3.9). This 
surface morphology is rare but was observed in at least three different fault segments. The forth 
member shows similar features. Main characteristic in this case are more gradual ramps without 
prominent curvatures (Fig. 3.12 upper right and lower image). The total vertical offset in the 
topography is given by the slight slope of the ramp and by a prominent accumulation of debris at 
the lower termination of the ramp. The debris accumulation can sometimes dominate over the ramp 
height. The ramp itself shows – as seen in the previous examples – a coherent surface without 
noticeable deformation features. This type of cross section was observed quite frequently. 
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3.3.1.4 Member 5: The antithetic cavity 
 
As already described by LANGLEY, cavity structures (Fig. 3.9 and 3.13) can be observed among 
some of the faults. In total 3 fault segments were found showing this feature. Although first found 
only on smaller S-facing scarps, some cavities were found on the larger Koa´e fault segments as 
well. The cavities are either at the base of ramps as indicated by the sketch in figure 3.9 or are 
beneath broken monoclines as seen on figure 3.13. The largest of these features showed ceiling 
heights of less than 1.80 meters. The walls and ceiling are defined by the pre-existing structures 
like cooling cracks or other planes of weakness. The floor of these features is inclined in an 
antithetic fashion13 and covered with a dense accumulation of debris. It is not obvious if these are 
fragments that have fallen from the ceiling or if these fragments document a broken floor. The 
                                                          
13 It dips towards the footwall 
 
 
 
Fig. 3.12 – Upper left: Type 3 cross section shows relative uplift (tilt) of the left footwall surface. 
The adjacent ramp on the right is broken down into debris. Note the high abundance of ground 
cracks. Upper right: In the middle part of the picture the ramp is dominated by an almost constant 
slope ending in a prominent wall of debris at the lower termination. Lower image: Type 4 
morphology: ramps with virtual constant slopes and debris accumulations at the base. See 
appendix (7.3.1) for location of the images. See Figure 3.9, for sketches. 
 
pdf printout   diploma thesis  
32 
dimensions along dip of the cavity are hard to determine since the vertical extent diminishes along 
dip. Note in figure 3.13, that the lateral transition to the cavity can be very sharp.  
 
It has to be pointed out, that the broken monocline cavity (as seen in Fig. 3.13) was found in two 
cases. Both of them on S-facing fault segments and both of them in distal parts of neighbouring 
larger N-facing faults (Fig. 3.13, lower right). The third cavity found on the N-facing fault did not 
show the prominent monocline but was located at the base of a ramp structure (Fig. 3.9). Because 
of the limited amount of observations the significance of these observations is not clear. 
 
 
 
Fig. 3.13 – Upper image: At this small normal fault a number of features are visible. Sharp rubble-free 
scarps are visible as well as tilted ramps. The right side of the image shows a cavity beneath the tilted 
surface. Lower left: sketch of the cavity cross section beneath the monocline. Lower right: principle 
location of the monocline cavities. See text for details. See appendix (7.3.1) for location of the image. 
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3.3.2 Aerial images 
 
The data sets (GLAZE et al.) used in the thesis mapping provided additional aerial images from 
selected areas of the Kīlauea area. Installed on a NASA C-130B aircraft, TIMS, NS001 and Zeiss 
metric images were acquired in the late 1980’s. Since the data sets emphasize volcanically active 
areas the spatial coverage is poor. 
 The Koa`e system blocks the 1974 Ka´ū desert flow. This area was photographed in  the 
September/October 1988 datset and is included in the compilation (Fig. 3.14).  
 
The greyscale airphotos are originally scanned with 250 dpi from 9”×9” colour transparencies and 
show a dimension of 2500×2200 pixels. Three files (KIL032A*.IMQ [* =3,4,5]) were chosen and 
processed to images. The three files are referenced and merged to a single file. This output file has 
a spatial resolution of approximately 1-1.5 m, providing insight into the geometry of the fault zone. 
 To preserve the good resolution in the original mosaic file (Fig. 3.15) it was not rotated and an 
additional file was geo-referenced to the UTM coordinate system using SPOT data14. 
                                                          
14 Georeferencing and details on SPOT are discussed in the corresponding thesis mapping. 
 
Fig. 3.14 - Georeferenced aerial images of a segment of the 1974 Ka´ū desert 
flow.  The zigzag shaped orientation of the dark flow is a result of the surface 
morphology caused by the scarps of the Koa´e fault system. The good spatial 
resolution of the images allows seeing details of the fault system, which is 
unfortunately only shown on the right borders of the images. (ZEISS metric image 
mosaic, georeferenced to UTM, WGS-84, Grid spacing is 1 km) 
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Fig. 3.16 – Upper image shows box A of the previous figure. At least two fault strands are visible that 
show rather a bend structure (surface flexure) than scarps. Note the parallel fissures SE of the ramps 
while they are missing on the hanging wall block (NW). The white area is a cloud. Lower image holds 
box B showing parts of the 1974 flow. The well developed fault scarp on the outer parts of the image 
does not show extensive parallel fractures. The central part however deviates from the scarp 
morphology drastically and shows a segmented ramp with dominant surface tilts and higher fracture 
densities. (Sunlight comes from the bottom casting shadows towards the upper side of the images  
pictures taken around 10:00 a.m. according to the airphoto markings) 
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The air photos presented (Fig. 3.16 and 3.17) show some of the described features in an overview 
and deliver valuable information about the termination and branching structures of the fault strands. 
The morphologies discussed in the previous chapter are located rather in the centre part of a strand. 
Unfortunately only a very small fraction of the Koa´e faults is available to me in form of these 
aerial images.
 
Fig. 3.17 – Upper image of box C shows a fault strand merging into another one. The noticeable scarp of the 
single segment in the upper left transforms into two branches with a bended geometry. Note the larger 
abundance of fractures in the transition zone as well as the en-echelon character. Lower image shows box D.  
The diminishing height of the morphological step allowed the lava to pass the fault strand. The termination of 
the fault segment is shown additionally by less good developed scarps and an en-echelon fracture pattern.  
(Sunlight comes from the bottom casting shadows towards the upper side of the images – pictures taken 
around 10:00 a.m. according to the airphoto markings) 
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3.4 Specific aspects 
 
3.4.1 Material properties and implications 
 
The observed morphologies of the Koa´e fault system may be linked to the properties of the 
country rock. The entire fault system is located within subaerially emplaced lava flows. The surface 
is approximately smooth and shows only local perturbations due the formation of tumili. Although 
commonly assumed, the formation of lava flow bodies results not in a homogenous material but 
creates a heterogeneous assembly of mechanically different units. Additionally, whereas dike 
intrusion result in vertically consistent structures the local surface units are dominated by 
horizontal layering.  
 
The emplacement of the flow units creates single layers of varying thickness. The thickness of such 
a layer may range from a single lobe of 10’s of centimetres to in rare cases 10’s of meters15. Large 
flows of this magnitude are however only realistic within laterally confined morphologies. 
 
The outer parts of flow units are in contact with the surface or exposed to the atmosphere and cool 
faster than the interior. The large temperature gradient induces extensive fracturing with cooling 
cracks perpendicular to the surface (Fig. 3.19, 3.18). The fracture network of the surface merges 
towards the centre into a fewer amount of fractures. Vesicle-rich zones may redirect the joint 
                                                          
15 Units within the Koa´e fault zone showed thickness less than 5 m. 
 
Fig. 3.18 – Cross sectional view into a sequence of basalt. Note how irregular 
the flow units are broken into vertical and horizontal segments. The bottom of 
this fissure is plugged by ash material (shadow provides approximate scale).  
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propagation. Apart from the formation of surface-perpendicular joints, surface parallel 
delamination takes place as well.  
 
Surface stresses due to the cooling as well as physical weathering (insolation) results in the failure 
of the outer chilled glass crust16. This effect is ubiquitous in pāhoehoe flow units and forms a thin 
layer of flaky material (if not removed by strong wind). The irregular surface of flow units in 
combination with the flake layer enables the accumulation of aeolinan sediments. Local ash-
pockets sometimes show a thickness beyond 50 cm. These materials create prominent delamination 
planes within a few years time (See HOLLAND for details on the ground units). 
 
 
Summarizing the effects of cooling and weathering, some mechanical weaknesses and anisotropies 
can be pointed out: 
 
Vertical coupling between units is poor due to intercalated layers of weathering products. 
Horizontal coupling is modified by the formation of cooling cracks. These are a function of many 
factors – most important however is the flow thickness.  
Crack patterns are perpendicular to the surface but may be redirected. Polygonal patterns are 
irregular although joint-joint-intersections are predominantly orthogonal. Most joints do not 
crosscut the entire unit but still form a major plane of weakness focusing any deformation. 
Horizontal sliding of units is restricted since the flow units impose an irregular surface. Vertical 
detachment may increase the sliding/displacement magnitude 
Since a lava unit consists of more or less bonded rigid blocks, deformation is spread out by internal 
rotation/shifting of these fragments. 
                                                          
16 A cooling flow unit produces a thin glass crust within minutes. This homogenous looking amorphic crust 
isolates the material below. In many cases this material traps escaping gas, forming a vesicle-rich zone 
underneath the glass crust. The differences in material properties often result in instant delamination or 
delamination when subject to prolonged weathering. 
 
 
Fig. 3.19 –Lower image: Sketch of an idealized cross-section with the observed 
features. Note the heterogeneous character of the section. See text for details. 
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Ash pockets as well as other features perturb the horizontal consistency in terms of mechanical 
behaviour. Fracture propagation uses existing weaknesses resulting in zig-zag-fracture patterns. 
Linkage or displacement slides/rotates/destroys the fragments. 
 
3.4.2 Fault surfaces 
 
Fault surfaces are generally not smooth. They are a product of fault propagation along joint and 
bedding surfaces. This causes ‘zigzag’ patterns in vertical and horizontal directions. Distorted 
fragments may fall into open spaces. Large walls (usually at fissures with opening magnitudes 
beyond 2 m) are not stable and show failure of the wall. 
No slickensides or any other indicators for fault movement within the material were found. With 
small opening magnitudes the pin- points of the ‘zigzag’ pattern can be correlated easily. This 
common feature documents mode-I opening prior to mode-II or mode-III movement. 
 
Fig. 3.20 – Depending on the character of the flows smaller faults and cracks can be crossed. 
This flow unit from the 1971 flow in the Ka´ū desert filled the fault less than 1 m until the 
solidifying lobe provided enough support to cross it. See Fig. 3.21 for a sketch of the 
phenomena. See appendix (7.3.1) for location of the image. 
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3.4.3 Plugging aspects – a thought experiment 
 
The question how lava flows affect the internal structure of the fault zone and how the observed 
opening behaves with depth can only be answered theoretically. Plugging by lava is possible but 
dependent on flux and fracture opening.  
Pāhoehoe lobes (which emplace at low speed) are chilled by the atmosphere and by the underlying 
rock material. The outer parts are cooled and their viscosity is enlarged significantly. In some 
cases17 it was observed that the lobes virtually flowed over a fissure (Fig. 3.20, 3.21), while only a 
small amount of lava flowed into the void since it solidified quickly. When the opening magnitude 
of the fissure or fault is small, the progressing lobe chills within the void faster than on a rock 
surface. The free-hanging lobe is able to support the load of the overburden lava to some extent and 
further lava injection may favour progressing over the fracture since the free hanging lobe may 
already have a hard crust. This however is probably only possible with small voids and a low flux. 
With higher flux rates or larger voids the penetration/filling of the fracture could be deeper. 
 
If however plugging is possible in the uppermost domain, any subsequent fracture movement will 
perturb this layer (Fig 3.22). Either limited sliding will set in or the jointed fragments will react by 
rotation. To some extent the angular blocks are able to spread the opening and react by local 
movement in terms of loosening opposed to the formation of a single crack. 
 
The fracture/fault opening will therefore not be visible until the opening is that large, that the 
material is not able to sustain this arching effect. With these theoretical considerations it should be 
possible that the opening magnitude of a fracture diminishes towards the surface considerably.  
 
The question arises if these theoretical cavities exist and if they do, how they extend to depth? The 
fracture bottom will probably show an accumulation of boulders that plugs the fracture or fissure to 
some extend. Fragment crushing will take place under sufficiently large stresses and the 
fault/fracture (dependent of its structure and relative movement) will eventually close. 
 
 
 
                                                          
17 The field observations of this feature were obtained in the adjacent SW rift and not in the Koa´e fault zone. 
 
 
Fig. 3.21 – Slowly flowing pāhoehoe flows are able to flow “over” voids since the thickness of the 
crust (black in the illustration) dictates the preferred direction. 
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LANGLEY (quoting WOLFE and MORRIS, 1996) reports ages of the surface lavas in the order of 
400-750 a B.P. The large scarps were either not affected by these flows, or the total vertical offset 
occurred within this time span. With the reported 3 cm/a displacement of a single fault (LANGLEY 
quoting DELANY et al., 1993) extrapolation18 would give 22.5 m offset in a 750 a period. The 
plugging aspect described in this chapter is probably only an issue if lava coverage compensates 
the vertical offset in regular, short period time spans. 
Since the caldera and the rift zones are relatively old structures, the Koa´e system - as a structural 
link – must be of similar age. This means that the faults were subject to resurfacing events and were 
probably plugged several times. This periodic coverage makes them “volcanic growth faults”. The 
new added layers are (opposed to the buried layers) free of residual stresses and free of localized 
deformation until further movement takes place. This situation is considerably different of the case 
of a fracture propagating towards the surface in one continuous movement.   
 
3.5 Research on the Koa´e fault zone by other authors 
 
3.5.1 DUFFIELD (1975) 
 
Wendell A. Duffield produced a structural map of the Koa´e fault zone based on aerial orthophotos. 
Apart from dilatational measurements and the determination of structural trends he suggested a 4-
stage model of the evolution of the surface morphology of the Koa´e faults that he believes is a 
result of a “culmination of multiple tectonic episodes, characterized by horizontal dilatation and 
concomitant vertical ground displacement”. The stages are described as follows: 
 
                                                          
18 This extrapolation is not an assumption but more a crude example of the magnitude of displacement of 
these very active faults. 
 
 
Fig. 3.22 – Throw on a plugged and therefore hidden fault causes major breakdown 
of the overburden material along the predefined joint surfaces. Arching effects and 
internal sliding blurs the deformation towards the surface as indicated in the sketch.  
 
 
pdf printout   diploma thesis  
42 
1.) Initial stage:  A zone of en-echelon fractures with no vertical offset forms in a 
zone several meters wide. The fractures are sinusoidal due to dextral and sinistral 
movement. 
 
2.) Intermediate stage: An irregular monoclinal flexure develops while the initial en-
echelon fractures join up to form a “master fissure”. The deformation zone becomes 
wider.  
 
3.) Intermediate stage: The monoclinal flexure begins to show vertical offsets along the 
bounding “master fractures”. The ramp structure however remains visible. Tilted slabs 
within the two axial faults are abundant. 
 
4.) Advanced stage: The ramp collapses and vertical offset among the “master fracture” 
increases. A vertical scarp is generated. 
 
Comments: 
 
Duffield describes the observed surface expressions and proposes a model. This model is consistent 
for a number of field observations but lacks the ability to explain the morphologies in detail. 
 
1.) If the ramp-morphology ends with the scarp morphology (his stage 3 and 4), the 
density of the mode-I fissures on the footwall of the ramp (stage 3) should remain 
visible in the later scarp morphology (stage 4). The density of scarp-parallel fissures 
however differs noticeably: It is much smaller. This suggests that the scarp-
morphology is not a product of the ramp-morphology. 
 
2.) According to Duffield, the ramp is a result of interconnected en-echelon-faults that join 
up. Crack density in the ramp is reported to be high. The scarp hanging wall however is 
virtually undeformed and does not necessarily show the proposed lower axial break. If 
the ramp collapses to form a scarp, the hanging wall deformation in the proximity of 
the scarp should be much higher as observed in many cases. 
 
3.) Although the cavity beneath monoclines was observed in a small scale the variety in 
surface expressions shown in figure 3.9 cannot be explained entirely by the proposed 
model. 
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3.5.2 LANGLEY (2000) 
 
Jason A. Langley submitted his thesis in December 2000 entitled: “Processes of normal faulting 
and surface deformation along the Koa´e fault system, Hawai´i”. He analyzed a segment of the 
Koa´e fault system that shows rather small vertical and dilatational deformation. This provided 
better insight since structures on the larger faults are often destroyed. The field work was carried 
out on an area at the termination of the Ohale fault that in contrast to the majority of the faults 
shows S-facing fault scarps. The fieldwork included among other things the compilation of cross 
sections as well as detailed measurements of the opening vector (location, direction and magnitude 
of dilatation). The data was used to support a boundary element analysis that explains the fault 
propagation and the corresponding surface deformation. The results of the thesis that are important 
to this work are: 
 
1.) “Bending of the surface and the opening of voids play a key role in the propagation of 
normal faults near the surface; the faults do not propagate simply as shear fractures in a 
continuous medium” (p19. 2) 
 
2.) Modelled fault needs a dip of 60°-75° to show results that are comparable to the 
observations. 
 
3.) “The model strongly suggests that deep fissures nucleate at the surface of the footwall 
and grow down, and that cavities initiate at depth on the hanging wall side of the fault 
tip and grow above the fault tip as the fault approaches the surface” (Fig. 3.23; p. 2) 
 
4.) “Stopped blocks derived from the fissure walls help keep the fissures open as the fault 
propagates to the surface.” (p.2) 
 
5.) A fault (70° dip, upper end 400 m, lower end 2000 m deep) propagating upwards 
(Fig. 3.23)  in combination with a vertical fissure (0-300 m depth, 25 m apart from the 
projected fault on the footwall) is able to simulate tensile stresses within the fissure as 
the fault propagates upwards. Tensile stresses in the hanging wall section above the 
fault tip enable the formation of cavities. As the fault closes in to the surface the 
                                                          
19 These references are pointing to the sections in LANGLEY’s thesis.  
 
 
Fig. 3.23 – Model proposed by Langley shows an upward growing normal fault in combination with a 
vertical fissure to produce cavities, subvertical walls and gaping fissures. (figure modified after 
LANGLEY, see text for details) 
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stresses along the fissure become compressive. Fissure closure is however impossible 
due to debris that jams the fissure (p. 49-51). Compressive stresses (σxx) parallel to the 
surface prevents opening of fissures on the hanging wall 
 
Comments: 
 
Langley combines detailed field observations with a boundary element code. The results are in 
good agreement with the observations and explain the location of cavities, the location of fissures 
as well as the existence of compressional buckling visible along many Koa´e fault segments. 
Langley develops his model in number of stages. First he models different fault dip angles and 
chooses the one that fits the observations the best. Then he adds a vertical fissure on the location 
where the most tensile stresses occur. With this new set he obtains further stress perturbations. The 
calculations unfortunately resemble snapshots with the fault propagating in a linear fashion, 
neglecting the stress field that it creates itself during propagation. The same applies for the fissure 
as well. Although delivering very valuable information the static character of the fault and fissure 
geometry has to be kept in mind. 
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3.6 Detailed field measurements 
 
During the fieldwork (HOLLAND) a fault segment was looked for to allow detailed measurements 
on the fault opening. Although satellite and aerial imagery were available20 the resolution was too 
low for analysing the specific geometry of the Koa´e faults. Only large fault scarps are resolved 
with the spatial resolution of 10-30 m/pixel. Field work is thus the only approach possible. The 
majority of the normal faults within the Koa´e fault zone shows prominent fault scarps with large 
gaping fissures and subvertical scarp walls up to 10’s of meters. These common scarps were not 
subject to detailed field work because of a number of reasons: 
  
The mapping did not use any devices apart from a compass and a hand-held GPS-receiver. Detailed 
geodetic measurements within the field were therefore not possible. 
Opening magnitudes and scarp heights of several meters cannot be measured directly by a single 
person.  
The large fault structures often have instable hazardous walls. 
Wall collapse within large structures destroys potential pin-points, necessary for the determination 
of the opening vector. 
 
These reasons lead to choosing a fault segment with small opening magnitudes. A segment was 
found that was plugged partly with aeolian sediments. This provided safer work conditions and a 
better insight into the structures of the fracture/fault-surfaces21.  
 
                                                          
20 Please see corresponding thesis mapping for details on the datasets. 
21 These cases were extremely rare. 
Fig. 3.24 – The jigsaw puzzle character 
of the cooling cracks allows the 
determination of the opening vector 
with a geological compass. The ruler 
shows the direction. Location, 
orientation and magnitude were 
documented. 
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3.6.1 Work scheme and observations 
 
The fault segment is part of a larger fault system. An approximately 180×30 m area was mapped, 
tracing major fault branches located in the proximity of a monocline flexure. 
Based on a 100 m long measuring string, a grid was put on the ground with a variable grid spacing 
ranging from 2×2 m to 8×4 m. Te nodes of the virtual grid were created by aluminium foil covered 
rocks22. The node points provided sufficient reference for drawing the fault traces throughout the 
map area in a scale of 1:200. The endpoints of the measuring string were mapped with the GPS 
receiver for a geographic reference. Unfortunately the morphology could not be included into the 
map since the observed deformation might be a result of deformation / surface topography 
interaction. 
 
                                                          
22 This was the only possibility to have a larger number of visible node points. Chalk markings were not 
visible on the irregular or ash covered surface. Since the mapping area had to be accessed by foot, the easiest 
possibility was to bring a light roll of aluminium foil to cover a number of the ubiquitous loose rocks. They 
provided sufficient height for visual recognition, enough visual contrast to the surface and good resistance to 
the strong wind. The marker rocks were moved successively during mapping and the foil was disposed 
afterwards. 
 
Fig. 3.25 – Right image: Location of the mapped fault segment (White arrow) 
within the area of the thesis mapping. Blue box is put in for reference - it has a 
strike of 067° to show the overall trend. (UTM, Zone 5 North, WGS-84, SPOT 
image, manually stretched LUT with superimposed DEM elevation contours and 
fractures as shown on the geological map of the thesis mapping; grid spacing is 
1 km). Left image: enlarged view of the black box. Note the poor spatial 
resolution of the SPOT image. 
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Fig. 3.26 – The pre-existing joint pattern is used by the fractures. Since the cooling cracks 
already have a mode-I opening is not possible to tell the end of a fracture segment from an 
adjacent joint. (Sunglasses for scale; Overall fracture orientation is diagonal from lower left to 
upper right) 
 
 
Since the faults and fractures use the pre-existing cooling joints, a zigzag shaped fault trace 
develops. It is very common that in-plane movement occurs after mode-I opening of the fractures 
thus preserving the fault surface patterns. Correlation of pin-points and the measurement of the 
corresponding opening measurement are easy to obtain (Fig. 3.24). Large opening magnitudes 
however are associated with wall collapse, destroying the potential pin-points. The use of a 
measuring stick, in combination with a geological compass (Fig. 3.24) allowed measuring opening 
magnitudes up to 2.2 m with their directional components. 136 data pairs were obtained. The map 
in Figure 3.27 shows the result of field work with the superimposed opening vectors.  
 
The jointing promotes the measurements of the opening vector since the pin-points are not 
destroyed but restricts the ability to do further analysis on the fractures (Fig. 3.26). The pre-existing 
cooling joints redirect the fracture propagation and makes them use these potential weakness 
planes. Therefore a mode-I joint cannot be told apart from the termination of a later fracture within 
the system. Therefore it is not possible to determine the exact end of a fracture and therefore its real 
length in an objective manner. 
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Fig. 3.27a – Fault m
ap w
ith the corresponding opening vectors. See Appendix 
for a large scale version of this im
age. N
ote the branched character of the 
fracture system
. The large faults split or bifurcate into neighbours instead of 
ending. Scale bar show
s 2×10 m
. 
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Fig. 3.27b – Im
pressions on the m
apped area. U
pper left: V
iew
 facing S
W
 at the w
estern end of the m
ap area. N
ote the slight vertical offset. U
pper right: 
V
iew
 facing N
E
 at the eastern end of the m
ap area w
ith the fault branching into a num
ber of strands. N
ote the high fragm
entation. Low
er im
ages: A
uthor 
standing w
ithin the m
ajor fault strand of the w
estern m
ap area. N
ote the dom
inant opening as w
ell as the irregular shaped w
alls of the fault. 
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3.6.2 Overview and analysis 
 
Fig. 3.27 shows that the majority of the fractures are connected. The entire area is made of two 
major fault strands and a few isolated cracks. Some of the strands allow the determination of 
gradients if they have a termination within the mapped area. The overall orientation of the faults is 
SSW/ENE. A strike of 67°/247° of the fault structure is used as reference coordinate system in 
some of the analyses (rotation of the reference frame by 23°). The rose plot in Fig. 3.28 shows 
openings roughly perpendicular to the fault strike. Directions towards NNW are slightly more 
common than the ones to the south23. The limitations of the rose plot or stereo plots (see Appendix) 
suggested creating alternative diagrams. The data points collected illustrate several aspects: 
Location of the measurement, declination, inclination of the displacement and its magnitude. The 
declination, inclination and magnitude was converted from the spherical coordinate system into 
Cartesian components [East, North, up] (see matlab code and plots in Appendix 7.4). In order to 
relate the components to the fault system, the local reference frame was rotated by 23° to make the 
axis parallel to overall fault strike. Instead of the components [E, N, UP] the components [shear 
movement, horizontal opening, vertical movement] are derived for all data points and displayed as 
scatter plots in Figure 3.29.  The plots show that the components are grouped in two clusters on 
every plot.  
 
One area holds the majority of the data points, which show only minor vertical movement (less 
than 20 cm). This group has a variable shear component pointing in both directions. All smaller 
fractures belong to this group and may resemble the common random orientation of cooling cracks.  
The other group shows an opening of more than 100 cm. All of these fractures have a NNE 
directed shear component, whereas the vertical component varies from 0 cm to almost 100 cm.  
                                                          
23 Measurements without a dip component (like e.g. 180°/00) may perturb the diagram since the direction is 
not unique (it can point both directions). A second plot limiting the direction to only one side of the 
hemisphere would be useful for further analysis.  
 
 
Fig. 3.28 – The rose plot of the opening declination of the 136 data pairs shows 
a preferred orientation of NNW/SSE. This trend is perpendicular to the general 
strike of the fault structure. 
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Fig. 3.29 – S
catter plots of the com
ponents shear, horizontal opening and vertical m
ovem
ent in centim
etres. D
ata is plotted
in respect to a m
odified coordinate system
 parallel to the overall fault strike. The right plots are the sam
e as the left, but show
 
equal axis.  
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The scatter plots show that opening dominates. This is confirmed by the field observations since 
not a single slickenside or any other indicator for frictional movement was found24. The good 
correlation within the zigzag shape supports the statement that opening precedes further shear or 
vertical movement, since the surface is preserved and not destroyed by mode-II movement. The 
shear fractures and the normal faults must therefore start as mode-I fractures or joints. 
3.6.3 Summary and conclusions on the mapped fault 
 
The mapped fault segment is part of a regional fault zone. The length of the system exceeds the 
width by several magnitudes. Mapped was a zone approximately 180×30 m. Deformation features 
are not common outside of the 30 m width. NNW of the fault segment a monocline flexure is found 
that is parallel to the fault strands. It is probable that the deformation features are directly related to 
the flexure.  
The fault/fracture zone has an approximated mean strike of 067° with subvertical fracture planes. 
Most of the fractures deviate from this orientation, whereas the opening of the fractures (see plots 
                                                          
24 This applies not only for the 4 days spend on this fault segment, but also for the general field work of the 
thesis mapping which lasted 4 weeks. 
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Fig. 3.30 – The shear component, horizontal opening component, vertical 
component and the total opening of a selection of 4 fractures that show 
terminations within the mapped area. Note the gradient in the first 20 m of the 
lower right plot. See appendix 7.4.3.4 for location of the faults and detailed 
descriptions on how this figure was created. 
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in appendix 7.4.3.4) follow the trend of the general system25. This is similar to the regional 
situation. The blue box in figure 3.25 encloses the Koa´e fault system. Many of the fault strands 
deviate considerably from the regional trend. The combination however restores the impression of  
an overall trend. 
 
The studied outcrop shows two fracture domains as shown in Figure 3.29: One domain shows 
scattered shear components and predominantly horizontal opening with minimal vertical 
movement. These fractures (e.g. fault 1, 3 in appendix 7.4.3.4) can be regarded as mode-I fissures 
due to pure tension. Using irregularly distributed planes of weakness the fracture propagation is 
dictated by a large extent by the structural assembly of the material. Branching into cooling joints 
and internal sliding/shifting or rotation of loosened fragments blurs or delocalises the deformation 
in the early stages, visible by the scattered shear components (Fig. 3.29). The often mentioned 
zigzag pattern in the fault strands on the surface are evident in the vertical directions as well (Fig. 
3.31). It is believed that the indented fragments should be able to sustain a certain load until 
vertical failure sets in. Horizontal extension should be easier to achieve than vertical movement due 
to the predominately vertical cooling cracks. This might be a reason why horizontal opening 
precedes and exceeds the vertical movement in the outcrop. This effect is probably active only in 
shallower depths. When going deeper, higher overburden stresses will cause failure, dominating 
over this effect.  
 
When the fracture opening is larger as the surface roughness the vetical movement is not jammed 
anymore.  
The larger open fissures and faults (as seen in Fig. 3.29) have consistent shear directions and show 
that the deformation becomes more regular since it localizes. This effect can be assumed for the 
large fault segments of the Koa´e system as well. 
 
                                                          
25 Shear displacement component are smaller in respect to a 023° striking plane as they are to their fracture 
orientation itself.  
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The displacement components plotted versus the fault tip distance (Fig. 3.30) shows gradients that 
lack a striking similarity. Although a similar gradient (opening vs. length) should be expected by 
the theory of linear elasticity (BÜRGMANN et al.) the real distribution is an effect of several 
parameters (BÜRGMANN et al., GUDMUNDSSON (2003)). Stress gradients, interaction of fault 
segments, inelastic deformation as well as a varying Young’s modulus26 destroy the ability to 
determine robust  displacement gradients from the displayed 4 fault sets in Figure 3.30. 
 
The best gradient is given by the lower right plot in Figure 3.30 in the range of 0-25 m. On the first 
20 m of the faults an approximate gradient of 20 cm opening in 10 m distance from tip can be 
observed. The gradient of 0.02 (opening/distance from tip) is only evident for the 20 m. Greater 
distances result in fault branching or interaction and alter the gradient significantly. 
 
 Since the map area was very small an only a very small amount of faults showed a termination 
within the area, the opening gradient is not further analysed. To allow robust models a larger fault 
area should be analysed.  
 
 
                                                          
26 Fracturing of rock material decreases Young’s modulus considerably (GUDMUNDSSON). Porosity and 
the material itself cause deviations as well. A heavily jointed basalt sequence with interstratified soft 
weathering products or pyroclastics will show modules on a wide scale. 
 
 
Fig. 3.31 – The heterogeneous character of the material and its anisotropy leads to irregular fault 
surfaces (left sketch) with a prominent horizontal layering in the order of 10 cm – 2 m. The poor 
vertical bond of the layers will cause instable walls at larger opening magnitudes (right sketch) The 
photograph on the left illustrates this effect. The fracture width in the image is approximately 70 cm. 
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3.7 Summary and comments on the field work 
 
The field work suggests a number of important issues and features that have to be taken into 
account for the analogue modelling.  
 
- The Koa´e fault zone shows two morphological end members: a gradual ramp structure and 
a steep scarp structure. Both end member show rubble accumulations on the hanging wall, 
while the density of fractures on the footwall is extremely low. Deviations from the end 
members are common. The variety of the morphological end members could not be tied to 
a any field aspect (Like location, elevation change... ) 
- The Ka´ū desert is subject to frequent resurfacing events. The geological map (Fig. 3.32) 
illustrates that the emplacement of lava flows is different from the common sedimentation 
in large basins. The emplacement of flow units is tied to a confined space. Commonly 
(recent conditions) the source conduits are located on the rift zone or near the caldera (e.g. 
 
Fig. 3.32 – Geological map of the Ka`ū desert with the Koa´e fault zone. Note 
how the major orange coloured flow is redirected by the fault scarps. 
Morphological steps are masked by the flow units creating a smooth landscape. 
See Fig. 3.14 for geographical reference and aerial images of the map. (Grid 
spacing is 1 km, Map from HOLLAND) 
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yellow and orange colours on the geological map illustrate young flow units <100 years). 
The flow direction is dictated by the morphology, filling depressions, while e.g. ´a´ā may 
build up steep walls and morphologies of several meters height (Fig. 3.32,e.g. purple 
colour: Ke´āmoku flow). Lava emplacement is linked to temporal phases as well, since the 
activity changes periodically from intrusive to effusive. Although the subaerial flows 
smoothen the morphology, the location and the time periods are highly variable. 
-  DUFFIELD speaks of an accordion like displacement of the Koa`e fault zone due to the 
change of intrusive to effusive activities of Kīlauea volcano. Fault throw and resurfacing 
events could be linked directly. 
- The resurfacing events are probably very effective but are highly variable. The coverage of 
a well developed parent fault system (a “pre” Koa´e fault zone) with a variable amount of 
lava is probable.  
- This volcanic growth fault system has to be assumed with a high variable throw and burial 
rate. This has probably large implications on the fault geometry (Fig. 3.33). Since a 
reactivated shallow buried fault will loosen the overburden material (Fig. 3.33, middle 
row), a deeply buried fault may loosen the material only at the surface regime. A repeated 
 
Fig. 3.33 – Sketch of a possible evolution of an volcanic growth fault in respect to 
the resurfacing events. See Text for details. 
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throw/burial sequence with shallow burial will create levels of high permeable fragments 
spreading the deformation. This effect with deeper burial will probably result in a fewer 
levels with a more localized deformation. 
- Plugging of faults by lava flows is a process that fills large gaps. Small, narrow or 
fragmented sections are not affected by subaerial flows since the high viscosity of the 
cooling materials restricts the flow abilities in such zones and focuses the movement on the 
surface.  
 
 
A buried mature parent fault has to be assumed in an unknown depth. This fault is periodically 
covered with subsequent lava flows that cover the fault but without entirely plugging it. The 
height of the overburden undeformed material is unknown. This is the starting point of the 
analogue modelling. 
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4 Modelling section 
 
 
Analogue modelling with scaling, 
experimental issues and an overview 
over existing techniques  
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4.1 Introduction 
 
Scaled models are used in a many different sciences. The ability to build a simplified and 
convenient sized duplicate of the reality gives the ability to study processes that are either not 
accessible in the prototype, or that are in a time frame that is far beyond the human life span. Some 
geologic problems occur in the geometric sizes up to several thousand kilometres and time spans of 
many million years.  
 
4.1.1 Overview on models and scaling 
 
The history of analogue models in geology is long. Sir James Hall (HUBBERT, p. 1461) build sets 
with cloth and clay to represent strata and its deformation into folds. Daubree (HUBBERT) used in 
the 19th century a variety of different materials like glass, plaster, wax and metal strips. Cloos 
(weak clay), Kuennen (china clay, Vaseline, mineral oil, paraffin) and Nettelton (viscous liquids) 
were early pioneers that understood that they needed to use material of extreme weakness to build 
small models of large geological structures.  
HUBBERT introduced in 1937 the laws of scaling to geology and made it possible to build realistic 
models.  
 
Hubbert stated that to build a model not only the geometry needs to be scaled but also the physical 
properties. Any important quantity in physics can be broken down into a number of basic units 
(e.g. HUBBERT or GONICK et al.). These units are unit length [m], unit mass [kg] and unit time 
[sec].  
 
 
Fig. 4.1 – A model may show features allowing the human observer to 
recognize its original counterpart immediately. Although similar, the 
model will always be a major simplification illustrated by the 
comparison of a toy car with its real counterpart.  
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Quantity Dimensional Formula Model Ratio 
Angle L0 1 
Area L2 λ2 
Volume L3 λ3 
Curvature L-1 λ-1 
Frequency T-1 τ-1 
Velocity LT-1 λτ-1 
Acceleration LT-2 λτ-2 
Angular velocity T-1 τ-1 
Angular acceleration T-2 τ -2 
Density ML-3 µλ-3 
Momentum MLT-1 µλτ-1 
Force MLT-2 µλτ-2 
Work and energy ML2T-2 µλ2τ-2 
Stress ML-1T-2 µλ-1τ-2 
Strain L0 1 
Elastic modulus ML-1T-2 µλ-1τ-2 
Viscosity ML-1T-1 µλ-1τ-1 
Gravitational constant M-1L3T-2 µ-1λ3τ-2 
Table 4.1 – Scaling ratios of some important 
quantities (from HUBBERT) 
 
All other units like e.g. stress, force, viscosity etc. are a product of a combination of the basic units. 
Table 4.1 shows how some of the units are related to each other. In a scaled model one can pick a 
scaling ratio arbitrarily, but since some quantities are related to each some strict dependencies 
occur.  
Since a large number of models are subject to gravitational forces and acceleration forces, the 
scaling ratio of gravitation needs to be well thought-out. Either a model can be put in a centrifuge 
or within normal conditions the scaling ratio of gravity γ needs to be set to unity.  
 
2
1
2
1
2 1 λτλτγγ =↔==== −gg
g
 
 
(g = gravitational forces, λ = length ratio, τ = time ratio). This dependency restricts the ability to 
pick the other ratios arbitrarily since the time and the length ratio are no longer mutually 
independent. In a properly scaled model time and length ratio are related to each other. Hubbert 
states that a properly scaled model of large geological sets would therefore not be possible in a 
laboratory scale. Either the models would be too small, or the time span of the experiment would 
be too long.  
To avoid these restrictions some simplifications can be applied to be model. Are e.g. the 
accelerations small, the time dependency and therefore the velocity of the model may have only a 
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minor importance and can be chosen independent of the scaling ratios. The scaling laws for the 
experiment of this work are described in a later chapter. 
 
The scaling (see HUBBERT for details) is not the only limitation of an analogue model. Since a 
model is always a major simplification (Fig. 4.1) not all properties can be simulated. The complex 
assembly of a geologic system includes fluid flow, heterogeneities on various scales, temperature 
gradients as well as a large number of uncertainties. The boundary conditions of a model cannot 
copy all these processes properly and often impose additional difficulties because of the limited 
size of the model setup itself. It is important that the model is sufficiently large to be free of the 
influence of e.g. the side panels.  
 
Although a large number of limitations exist, a model can still deliver valuable information of 
geologic phenomena. The literature shows many examples where scaled models using sand, clay 
and other materials simulate natural geological processes (e.g. AN, CLIFTON et al., DRESEN et 
al., KOYI et al., MORELY, PATTON et al., SIMS et al., UMHOEFER et al., WALTER et al., 
WITHJACK et al., WOLF et al.). 
 
 
4.1.2 Geological models: Geometries and materials 
 
The setup and the materials used within a geological model are largely dependent on the geological 
problem that is addressed by the model. The literature shows a large number of examples using 
different approaches.  
 
The most common material to simulate larger structures in commercially important sediment basins 
is sand (e.g. HORSFIELD, WOLFE, LOHRMANN et al.). Since sand has a well defined friction 
angle and a small claimed cohesion27 (SCHELLARD, LOHRMANN et al.) and can be used as a 
good analogue for rocks at intermediate stresses (Mohr-Coulomb behaviour).  
 
The coarse character of the sand tends to spread the deformation into a wide zone that is not scaled 
to the reality, often reacting with granular flow on the imposed deformation. Fault structures are 
therefore not resolved clearly. The widespread dilatation of sand during initial deformation is a 
serious problem. Whereas in reality precursor faults would nucleate, the coarse sand may react by 
dilatation on a wide zone, masking any localization. 
 
Wet clay (e.g. CLOOS, WITHJACK, AN) or wet plaster (LINDANGER) is often used as well. The 
fine grained character of the material as well as the ability to govern the rheology by adding 
variable amounts of water are major advantages as opposed to sand. Since the material has a 
cohesion and a tensile strength open fractures are possible. The complex rheology as well as the 
viscous behaviour of the material imposes serious difficulties in the handling of these kinds of 
experiments. The visco-elastic properties make the material strain-rate dependent and the water 
                                                          
27 The discussion in chapter 6 shows the limitations of the sand. Although claimed, sand does not have a 
cohesion. 
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content could alter the material properties due to varying pore pressures.  The material behaviour 
favours in contrast to the sand tensile to intermediate stresses since the yield loci of wet clay or 
plaster show similar curvatures to rocks in low stress regimes. 
 
A rather new approach in modelling is the use of powders (e.g. WALTER et al., SIMS et al.). The 
fine grained material shows cohesion and is suited for open fractures, vertical walls as well as the 
preservation of fine structures. Since the material has no viscosity the behaviour is largely 
independent of the deformation rate. The material behaviour may be suited for the entire stress 
range from tensile to high compressive stresses. Since powder is used within the experiments (used 
in within this work) a detailed discussion of the material properties is given later in the text. 
The geometries of analogue models are directly related to the geological problem. A large variety 
of extensional setups is available in literature. Differences occur in the way the extension is 
induced as well as in the way the bottom of the experiment is made. 
 
The simplest geometry are two overlapping plates sliding above each other (e.g. CLIFTON et al.). 
The disadvantage of this setup is that the deformation gradient of the bottom is very sharp and that 
geologic problems of this kind are common. CLIFTON therefore covers the plates with a latex 
sheet28 to allow a better gradient. WOLFE et al. and BAHROUDI et al. use a similar setup but 
spread the deformation with a scissor mechanics and a rubber sheet to induce an evenly distributed 
extension. 
AN tilts the entire experimental setup to induce the extension by gravitational forces. A plastic 
warp between the table and the clay layer is supposed to reduce frictional effects. 
 
A geological situation with extension above a ductile salt layer allows the use of a viscous material 
at the base. KOYI and SKELTON use this setup in combination with a centrifuge to induce 
extension. Similar approaches with ductile basal layers are used by WITHJACK and CALLAY, 
while WALTER uses a buried in- and deflating balloon-like object to simulate resurgent calderas. 
 
LINDANGER et al. and WITHJACK et al. published models where they model normal faults by 
using a rigid base. The base has a pre-shaped fault ramp and is covered by the material. In some 
cases a plastic warp is put between base and material to let the overburden material slide over the 
fault ramp. In their experiments the deformation is strongly dependent on the geometry of the fault 
ramp.  
The model geometry of the experiments used in this work deviates from the described examples 
due to the geological setting of the Koa´e fault system.  
 
4.2 Model geometry  
 
The Koa´e fault system, as well as the examples on Iceland, are not understood properly. Not much 
is known about the geometries of the fault zone structure in greater depth and its evolution.  The 
model is put up to emphasize the on the development of the fault zone structre. 
                                                          
28 The latex sheet would have to stretch evenly to allow good results. The load of the material and the 
pressure induced on the latex could impose serious deviations from that. 
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The observations and the literature information on the Koa´e faults are used as a basis for the setup 
of an analogue model. As described in chapter 3, the Koa´e fault system is probably subject to a 
number of resurfacing events since periodic lava flows may mask existing fault strands (volcanic 
growth fault). The use of a rigid base in combination with a variable height of material is therefore 
reasonable. The use of only one “basement fault” however is questionable. A well developed but 
buried parent-/ or master fault may already be localized in such a fashion that only one fault strand 
is active. For the sake of the construction as well as the simplicity of the model, only one basement 
fault is used as a starting point.  
 
The dip of the master fault is 60°. LANGLEY suggests dip angles of 60°-75° for a deep fault in the 
Koa´e system. Although dip angles become steeper when faults propagate to the surface, common 
buried structures have angles around 60° as used within this experiment. The powder strength (as 
discussed in later chapters) suggests dip angles of approximately 62° in larger depths. 
 
The basic principle of the used geometry involves pulling the central basement fault block with 
inclined walls (Fig. 4.2). This forces the outer tables to move outwards and induces subsidence and 
extension. The side panels are fixed to the tables, while the front and back are sealed off by 
narrowly placed glass panels.   
 
Fig. 4.2 – Sketch of the principle setup of the model at the starting 
point (left) and end point (right).  The central table (green) is pulled 
down and pushes the adjacent parts (yellow and orange) to the 
outside. Glass panels on both sides allow observations. The width of 
the box is approximately 50 cm with 52 mm maximum throw. 
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The dimensions of the box are:  
 
Initial width:   ≈ 50 cm 
Depth: = 10 cm 
Maximum column height29: = 35 cm 
Dip angle of parent faults: = 60° 
Maximum vertical displacement: = 52 mm 
 
The symmetric construction was chosen to allow comparisons of the both sides within a single 
experiment. This gives information about the reproducibility of an experiment.  
 
4.3 Model material 
 
4.3.1 Material selection 
 
The faults observed on Hawai´i (see chapter 3) show large vertical scarps 10’s of meters high and 
prominent open fractures with opening magnitudes beyond 5 m. These features are virtually 
unknown in softer sedimentary rock material and were largely neglected in geological research. 
Apart from e.g. WALTER et al. studying faults in the periphery of calderas and SIMS et al. 
studying pit crater formation on Mars, little is known about the brittle failure of cohesive basalt – 
probably of the low economic importance, or the use of the wrong materials. Although the listed 
approaches of modelling basalt are different, the common basis of all these experiments are 
subvertical fractures and the use of dominantly cohesive material – in all cases: powders. 
 
                                                          
29 This refers to the maximum column height in terms of the sealing capabilities. The recommended 
maximum height is approximately 20 cm to avoid boundary effects. 
 
Fig. 4.3 – Image of an early experiment to obtain information about the material 
behaviour of various powders by sliding two pieces of sand paper over each other. 
The experiment is laterally confined by glass panels and Styrofoam blocks. 
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Although a large amount of experiences are available that use soft clay (similar to the experiments 
of e.g. Hans Cloos or the work of Joyce Schmatz within the department) some disadvantages of 
clay in respect to this work are evident: 
 
− Although the clay rheology can be controlled easily by varying the water content, a 
homogenous mixture is hard to obtain, since volume of the available mixing device in the 
department is too small to make the entire material mass for the used experiments (up to 12 
l) in one run.  
− Markers within the clay are not visible, destroying the ability for an analysis.  
− The wet material is subject to the loss of moisture during an experiment under atmospheric 
conditions and therefore changes its properties.  
− The clay can be used only once.  
− The rheology of the clay in tension is more difficult since strain rate dependency and 
plastic behaviour has to be accounted for. 
− Since no top load is used, the clay would smear on the glass panels limiting the ability to 
document the sides.  
− The experiment box needs to be sealed properly. Material restrictions therefore apply. 
− The visco-elastic rheology of wet clay is not understood properly to allow material 
characterization. The viscous element of the rheology makes the experiment largely strain 
rate and time-dependent. This effect needs to be neglected for the sake of scaling since the 
gravity cannot be scaled. A kinematical scaled model is therefore not possible. 
 
Apart from clay a number of different powders were examined. Among powdered sugar, cacao 
powder and flour, the selection to use was CaSO4 · ½ H2O. 
 
The use of this powder gives the following aspects: 
 
Advantages: 
 
− Material mimics the structures seen in the field (Fig. 4.3).  
− Material is easy and cheap to obtain. 
− Material is virtually homogenous and very fine grained. 
− The bright white colour favours visual recognition of dark fractures. 
− The very fine grains allow recognition of small features on the scale of the grain size. This 
is major advantage to the much coarser sand. 
− The bright white colour allows mixing in colour pigments for PIV analysis etc. 
− Material is non-toxic, disposable and easy to handle. 
− Material can be used several times. 
− Since the material is dry, experimental setup can be made of wood. 
− Material behaviour is independent (no viscosity) on the duration of the experiment (in the 
range of a number of hours). 
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Disadvantages: 
 
− Material needs to be sieved in the box, producing a lot of dust.  
− Water content and the dependency on air humidity is not completely known. 
− Material properties are largely unknown. 
− Material is very sensitive to impact or local compression. Stripping the uppermost powder 
layer before inserting coloured layers is not recommended since this creates local 
perturbations due to compression and sorting effects. 
− The way of filling (sieving, pouring etc.) influences the material behaviour (as discussed in 
SCHELLART).  
− The delicate character of the powder makes it impossible to solidify the set or to make 
cross sections. Therefore only the side panels and the top view can be documented. 
 
 
 
4.3.2  Material properties 
 
Type: CaSO4 · ½ H2O; commercially available powder for gypsum mixed 
with a small fraction of blue sand.  
Classification: ‘Classic Modellgips (atmungsaktiv)’, 5 kg package. www.obi.de 
Density:   δsieved = 0.864 g·cm-3 (± 3.212% standard deviation; 1.5 mm mesh 
size; measurement on sand-free sample) 
Grain size: n.a. - heterogeneously distributed 
Grain size distribution: Varies on a large scale due to the formation of clusters. 
Cluster shape: Very irregular. (Fig. 4.4) 
 
 
Fig. 4.4 – Left image shows gypsum powder at large magnification 
(scale bar is 500 µm; image is approximately 2.77 mm wide). The fine 
grains form clusters of various sizes. Right image illustrates the 
properties of fine powders in terms of the slope angles and their 
stability. 
 
pdf printout   diploma thesis  
68 
 Slope angle: Varies with sieve mesh size (Fig. 4.4). Fine mesh produces φ´ ≈ 73°; 
coarse grid produces φ´ ≈ 69.7°. 
Cohesion: C = 62 Pa (62-220 Pa as a function of the interpolation) 
Friction angle: φ = function of the normal stress. 
Tensile Strength: σT = 33 Pa (measured) and 47 Pa (derived by extrapolation) 
Young’s modulus: - 
E-Modulus: - 
Storage: In an open container to allow adeption to air humidity. 
 
The material used in the experiments is a commercially available powder used to make gypsum. 
The CaSO4 · ½ H2O is a bright white powder that shows open fractures when subject to tensile 
stresses. The fine grained character in combination with the white colour enables to resolve fine 
structures. The powder can be mixed with colour pigments as well as with blue sand grains to allow 
a PIV software to track small sections of the image. The material properties of the powder were 
largely unknown and had to be determined as a part of this thesis. 
 
4.3.2.1 Grain size 
 
The grain size is very small and the grains show irregular shapes. Under large magnification the 
grains show the formation of clusters. These clusters consist of a large amount of individual grains. 
When sieved the clusters may indent to some extent – similar to the large basalt fragments. The 
clusters may be able to allow rigid deformation in terms of shifting and rotation to small extent. 
With larger stresses fragmentation probably breaks down the larger clusters into smaller fragments. 
The size and the indention will decrease allowing the deformation to localize more easily. This is a 
process believed to happen in the basalt as well. Initial deformation loosens the basalt stack until 
extended movement will destroy the fractured layers into fragments and successively destroys the 
remaining bonds. Internal shifting and rotation will take place until the deformation is able to 
localize (See Fig. 3.22). The localization is believed to reduce the relative strength of the evolving 
fault.  
 
The clustered appearance of the powder suggests similarities to the basalt. Because of this 
behaviour is not likely, that the powder has a simple Mohr-Coulomb-envelope but a more 
complicated yield locus close to the tensile field (Fig. 4.6).  
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4.3.2.2 Shear strength 
 
Measurements done on the powder strength with a Jenike shear cell at DelftChemTech (Fig. 4.5 
and appendix) quantify the powder strength for larger overburden stresses. Assuming a linear 
Mohr-Coulomb relationship a friction angle of approximately 31.5° and cohesion of 220 Pa is 
determined. It should be noted however, that the friction angle is assumed to be much larger and 
the cohesion is much smaller in the lower stress regime. Figure 4.4 shows slope angles far beyond 
the 31.5° (See appendix 7.5 for detailed descriptions).  
 
To allow measurements of the shear strength in a lower stress regime, a shear cell at the department 
Endogene Dynamik was used as well. The principle is similar to the Jenike Shear cell but differs in 
some key details. The device has a larger table that can be loaded with lighter weights allowing 
measurements with lower normal stresses. The measurements cover the lower normal stress regime 
and overlap with the data measured with the Jenike Shear cell (Fig. 4.6 – See appendix 7.5 for 
detailed descriptions). This allows a verification of the results.  
 
 The convex character of the yield envelope is more obvious in Figure 4.6. A regression curve was 
added (see appendix 7.5 for details) that allows a tensile strength, a parabola shape and an σ-axis 
symmetry. With this regression the theoretical extrapolated tensile strength is σT = 47 Pa and the 
cohesion is C=62 Pa. The shear curves of all measurements are obtained by loading the set with the 
largest weight first. Depending on the shear experiment a preload from 1200 Pa - 2500 Pa was used 
(equals 14-30 cm depth) Shearing is induced until a saturation stress is reached. The sample is then 
unloaded successively allowing the shear stress to relax between the individual steps. This way of  
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Fig. 4.5 – Shear strength of the gypsum powder derived from a Jenike 
shear cell with a 5.8 KPa preload. Blue line shows peak shear 
stresses, red line shows dynamic shear stresses. Mohr-Coulomb 
regression lines. Note that the measurements are in a normal stress 
regime that is too high for the experiment box. 
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measuring the curves is necessary because the pre-shearing organizes the material to a reproducible 
inner structure. After the pre-shearing it is possible to distinguish between a peak shear stress 
(failure) and a dynamic shear stress (continuous movement). An example of such a shear curve is 
given in Figure 4.7. The stress drop between the peak and dynamic shear stress may be a function 
of the irregular grain clusters. 
 
Reorganisation and breaking of the clusters results in an initial resistance to the shearing. Ongoing 
deformation leads probably to a failure of the clusters, a localization of the deformation and 
therefore the creation of preferred slip planes or deformation zones. During all powder shear 
experiments a slight compression is observed. It is in the order of 0.1 mm with an original sample 
height of 15 mm. This is a compression of less than 0.7%.  
 
It has to be kept in mind that the shearing experiments start with the largest normal stress and a 
reorganisation of the porous material has already taken place. The initial pre-shearing does not 
show a distinct peak and dynamic stress. It has to be assumed that the material strength and 
behaviour of a normal consolidated powder sample is slightly different as compared to the sheared 
samples. SCHWEIGER et al. reports that the cohesion of a powder material increases with 
decreasing porosity.  Figure 4.7 – lower image – shows a deformation curve of a sand sample for 
comparison. In contrast to the gypsum powder no sharp transition from peak to dynamic shear 
stress is visible. The reason for the more gradual transition can be found in the fact that the sand 
grains are – in contrast to the gypsum clusters – not able to break or deform internally. With the 
low normal stresses (< 3000 Pa) the only deformation mechanism within the sand is granular flow,  
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Fig. 4.6 –Data points of a shear experiments and a convex regression curve. See 
text and appendix (7.5 – Material parameters) for details on measurements and 
regression. 
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leading to wide deformation zones and prominent grain rolling. The peak and dynamic shear stress 
is in this case probable depended on the roundness and the grain size distribution. 
 
The localization of the deformation and the corresponding shear stress drop promote the use of the 
powder for certain geological models. This applies for the Koa´e fault zone 
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Fig. 4.7 – Upper figure: Caption of a shear experiment of the model powder. 
The material is loaded with the highest normal stress first until a saturation set 
is reached. Then the load is reduced successively. One data point corresponds 
to 1 sec = 0.025 mm. A displacement axis is not possible since the movement 
was stopped several times. Shear sample is 15 mm high. (data taken from 
gips0008.dat; Lower figure: Caption of a shear experiment of sand sample. 
Note the lacking sharp transition between peak and dynamic shear stresses 
(data taken from sand0002.txt) – see appendix 7.5 for detailed descriptions on 
the shear tests) 
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. 
4.3.2.3 Tensile Strength 
 
The tensile strength of the powder/sand-mixture was measured at the Lehrstuhl für 
Pharmazeutische Technologie in Würzburg. Prof. Dr. I. Zimmermann kindly provided the 
possibility to send a powder sample. Apotheker Marcus Eber used a measuring device developed 
by Schweiger et al. (modified by Anstett) to obtain the tensile strength. The tensile tester is capable 
of measuring the cohesive tensile strength of unconsolidated loose Material. A detailed description 
is given in SCHWEIGER et al, or in EBER.  
 
The basic principle of the device (Fig. 4.8) can be described as follows: 
A container (3.44 cm diameter) with powder is pressed with a velocity of 3.4 µm/sec. by a linear 
positioner to a load cell controlled piston. The piston is covered by a petrolatum, which acts as an 
adhesive. 
 
After a contact stress of 153 Pa (corresponds to a 1,8 cm tall powder column) is reached (the 
material is slightly compacted), the sample remains at the piston for 10 seconds. The force needed 
to pull the material down again is a measure for the tensile strength. Some of the powder sticks to 
the piston and the bond between the sticking powder and the powder remaining in the container 
needs to be broken. The pull velocity is 1.7 µm/sec. 
The measurements are repeated in an air-conditioned environment in total 20 times to allow robust 
values. 
 
By this technique, a tensile strength of 32.96 ± 3.73 Pa was determined (see appendix for values). 
The tensile stress derived from the regression curve was 47 Pa and is in good agreement with the 
33 Pa of the latter measurement.  
 
The tensile strength of 33 Pa is not included into the following considerations since the shear 
strength and the tensile strength are derived by different techniques. It should be noted however 
that the magnitudes of the measurements are in the same order.  
Fig. 4.8 – The tensile Strength tester is 
made of a number of elements. 
Mounted to a rack (5), a linear 
displacer (4) pulls a sample container 
(3) away from a adhesive piston (2). 
The force measured to pull is recorded 
by a load cell (1). (Image modified after 
EBER) 
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4.3.2.4 Density, porosity and its implications 
 
The density of the material is a function of the overburden stress and a function of the used sieve. 
With the standard sieve (1.5 mm mesh spacing) a average density of 0.864 g/cm³ (± 3.2 %) is 
produced.  
The material is sieved into a container with 120 ml volume (Height <10 cm). The weight of the 
loosely sieved material within the container is used as measure for the density. The measurement 
was repeated several times. 
 
The density of 864 kg/m³ illustrates the high porosity of the powder. While gypsum CaSO4 · 2H2O 
has a density of 2300 kg/m³, the powder has porosity of approximately 60%. The vertical stress 
within the experiments (up to 1770 Pa) will probably lead to a compaction and a reduction in the 
porosity. According to SCHWEIGER et al., the cohesion and probably also the tensile strength will 
increase. A cam-clay type yield envelope could describe the material behaviour more properly (Fig. 
4.9). This would however require a large number of measurements. 
 
Fig. 4.9– The Cam Clay 
model is similar to the 
Mohr-space but includes 
the strength behaviour in 
respect to the development 
of the porosity of the 
specimen. (Modified after 
JONES et al.  
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4.3.3 Scaling of the used model and geometric issues 
 
According to Hubbert a geological model needs to be geometrically and physically scaled. The 
problem of scaling gravity inflicts applying simplifications to the physical relationships (Table 
4.1). Modelling the faults of the Koa´e system uses the following relations and simplifications: 
 
Length ratio λ: 
The size of the system is so far unknown and the determination of the length ratio λ is free to be 
chosen and only limited by the experimental setup. λ is therefore derived from the other ratios. 
(1) λ = ? 
 
Accelerations ratio γg: 
The faults are within a brittle regime and accelerations as well as viscosity are believed to play a 
minor role. This makes the experiment a static problem to determine if the material breaks or 
doesn’t break. Therefore the experiment can be done at earth surface conditions and is independent 
of a time frame. The ratio is 1:  
(2) γg = 1 
 
Density ratio δ: 
Density is a unit of mass per volume and shows the corresponding scaling relationship.  
(3) δ = µ · λ-3 ↔ µ = δ · λ3 
 
Forces ratio ζ: 
(4)  ζ = µ · γg = µ 
 
Stresses and Strength ratio σ: 
Using the relations of (4) and (3) we obtain the stress and strength ratio that is a function of δ and 
λ: 
(5)  σ = ζ · λ-2 = µ · λ-2 = δ · λ 
 
The model material consists of gypsum powder (CaSO4 · ½ H2O) with a density ranging in average 
about 0.864 g·cm-3. A common basalt has a density around 2.8 g·cm-3. The density ratio of equation 
(3) is 
(6) δ = 3.26 
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Fig. 4.10 – Results of strength 
measurements as a function of 
the specimen diameter. Note how 
heterogeneities decrease the 
strength ratio for larger 
specimens.  Figure slightly 
modified after HOEK. 
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The relationship (6) included in equation (5) brings us to 
(7) σ = 3.26 · λ ↔ λ = σ / 3.26 
 
Equation (7) lists the final relationship. Given the density of the model material and the 
independence of time, the strength of the gypsum powder and the basalt will govern the length ratio 
λ. 
 
To allow a comparison of the material strengths a linear Mohr-Coulomb relationship is assumed. 
Although a convex shaped locus in the Mohr-space is evident for the powder, no corresponding 
data is available for the basalt rock mass.  
 
A common basalt has a friction coefficient of Φc = 0.66 and a cohesion of Cf= 32 MPa (data from 
SCHELLART and BIRCH). It is probable however that the cohesion and the friction angle are too 
large to be used for the Puna basalt in the Koa´e fault zone. First of all the Puna basalt is heavily 
fractured and shows sub-horizontal weakness planes (ashes, weathering surfaces, flow contacts). 
Therefore a sample on a laboratory scale is not representative for the bulk properties of the material 
(Fig. 4.9). A coherent hand-specimen is much harder than the bulk rock. Second of all, the material 
characterization of basalt is probably only done for higher overburden stresses and give only 
parameters to describe a simple Mohr-Coulomb-relationship. It is not known if the yield locus is 
curved in the lower stress regime as well.  
 
To allow a comparison between the convex powder locus and the linear basalt locus, the powder 
strength – that means the cohesion – is determined by extrapolating the linear part towards the 
lower stress regime. Although the convex curve cuts the τ-axis at 62 Pa, the extrapolated cohesion 
of a linear curve is approximately Cf= 200 Pa (Fig. 4.5).  
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This value in combination with the friction coefficient Φc = 0.7186 defines a linear approximation 
of the powder locus used for the strength ratio. 
 
The strength ratio σ is obtained by relating the cohesions of the materials is: 
(8) σ = 32 MPa / 200 Pa = 145455 
 
The strength ration σ of (8) put into (7) determines the length ratio λ 
(9) λ = σ / µ = 145455 / 3.26 = 44618  
 
With the used values a length scaling of 1:44618 is evident. This means, that 1 cm in the 
experiment equals 450 m in reality. This ratio is obtained for intact basalt and it should be probably 
one magnitude smaller. The reason for the discrepancy is probably the large cohesion of the 
literature values. 
Assuming a cohesion value of the fractured basalt in the order of Cf= 3.5 MPa (average quality 
rock, Hoek) the length ratio is 1:4886– one centimetre in the model equals 50 m in reality. This is 
in good correspondence to the field observations. 
 
The scaling ratios of strength and therefore length are largely dependent on the cohesive strength 
that is used to calculate the ratios. It should be considered that the yield loci of the powder and the 
basalt should be related to each other in the same manner, so that not only the values but also the 
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Fig. 4.11 –Mohr space with the yield loci of the powder (bold line) and the scaled 
basalt (stippled line). The simple Mohr-Coulomb definition of the basalt loci results in 
a prominent deviation in the lower stress regime. (See appendix for program code 
mohrspace1b.m that created this figure) 
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shape of the loci can be related to each other (Fig. 4.11). Hoek describes a way to derive a curved 
Hoek-Brown-envelope by characterizing macroscopic properties (jointing, GSI (geological strength 
index), the sample size etc.) of the rock sample in combination with standard laboratory tests. The 
locus derived by this kind of evaluation would give more realistic results. It is recommended to use 
the Hoek-Brown envelope for future characterisations.  
 
4.3.3.1 List of scaling ratios: 
 
Density ratio (basalt/powder): µ = 3.26 
Strength Ratio (basalt/powder): 15909 < σ < 145455  (for 3.5 < Cf  < 32 MPa) 
Length Ratio (basalt/powder): 4886 < λ < 44618   (for 3.5 < Cf  < 32 MPa) 
1cm in model equals in reality: 49 - 446 m   (for 3.5 < Cf  < 32 MPa) 
 
4.3.4 Stress distributions and failure criteria 
 
As seen in figure 4.6 and 4.7 the gypsum powder shows distinct properties: A prominent convex 
yield locus in the lower stress regime of the Mohr-space and a sharp transition from peak to 
dynamic shear stress/strength are the major characteristics of the powder material. The regression 
curve that interpolates the τ/σn-data pairs is used to determine the critical stress distribution within 
the vertical column of the experiment. This is achieved by using 2 different techniques.  
The first technique30 takes the yield locus and determines the slope of the curve in every point. An 
orthogonal slope (90° clockwise turn) is calculated and the intersection of the normal with the σn-
axis defines the point of the intermediate stress σm=½·(σ1+ σ3). The distance of this point to the 
curve is the radius of the Mohr circle (Fig. 4.12). This geometric technique delivers a series of 
differential stresses |σ1- σ3| that can be plotted versus σ1 or the corresponding depth (Fig. 4.13). The 
fracture dip angle θ is derived as well and plotted as a function of depth. Figure 4.12 illustrates with 
a number of Mohr circles the problem of comparing the failure loci of the basalt and the powder. 
While the powder shows a rotation of θ, the Mohr-Coulomb relationship of the basalt loci fails to 
show a similar rotation. 
The first geometric technique works well but caution needs to be applied. If the curvature of the 
convex yield locus is larger as the curvature of the Mohr circle, other intersection points may 
precede the locus/circle contact. To verify this effect, the same plots are derived numerically31. For 
every point σm on the σn-axis, the distance to every point of the locus is determined. The minimum 
distance is picked and used for a Mohr circle. The resulting plots (Fig. 4.13, lower right), are 
similar to the geometric approach. The differential stress development |σ1- σ3| versus depth is 
virtually the same, whereas the fracture dip angle θ shows a larger scatter in the numeric approach.  
The magnitude of the scatter (Fig. 4.13, lower right) diminishes to depth since the curvature of the 
powder locus and the Mohr circles deviate considerably with larger depths.  
                                                          
30 see appendix for the Matlab code mohrspace1b.m for details 
31 This done by the Matlab code mohrspace2.m listed in the appendix 
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Fig. 4.12 –Mohr space with the powder locus in the upper and the scaled basalt 
locus in the lower diagram. A number of Mohr circles are drawn to illustrate the 2θ- 
angle of extension fractures. Note the rotation of 2θ in the upper diagram while 2θ 
remains constant in the lower plot. (See appendix for program code mohrspace1b.m 
that created this figures) 
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Fig. 4.13 – Left side shows the maximum differential stresses |σ1- σ3| as a function 
of depth. The right side shows the fracture dip angle θ as a function of depth. 
Stippled line is the scaled basalt locus. The upper row was derived on a geometric 
way, while the lower row is derived numerically. See text for discussions on the 
figures.  (See appendix for program codes mohrspace1b.m and mohrspace2.m that 
created these figures) 
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In smaller depths the Mohr circle may touch the yield loci at several points. The very high 
sensitivity of the system results in the observed scatter.  
 
Because of the sensitivity in this regime, the orientation of fractures is probably more dominated by 
heterogeneities within the material than by the stress distribution. In larger depths the scatter 
diminishes and the fracture dip angle is more stable. Stress distribution probably dominates over 
the heterogeneities. 
 
Both models however show a similar relationship. The powder fractures start with high angles32 
(θ>70°) and rotated towards 62° with increasing depth as observed within the experiments. The 
deviation of shallow fractures from this relationship can either be a function of the discussed 
sensitivity, the material heterogeneities, a badly chosen regression function for the locus, or a 
function of a stress deviation due to the formation of the fractures itself. 
 
Again, the Mohr-Coulomb relationship of the basalt fails to show similar effects due to the missing 
convex shape of the yield envelope.  
                                                          
32 The angle of approximately 72° is in good correspondence with the slope angle of a gypsum cone as seen 
in figure 4.4 
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4.4 Experiment setup and procedures 
 
4.4.1 Experiment setup 
 
The filling and the run of an experiment are done in the same manner to minimize differences in 
terms of artefacts. The box is set up and the glass panels are installed. The central table is pulled 
down until it is on the same vertical position as the outer tables. This procedure allows checking the 
friction between tables and glass panels. The box is examined carefully if all elements are parallel 
and no significant gaps are evident. 
The gypsum powder is mixed with a small amount of fine blue sand grains. The blue grains are 
necessary for the PIV analysis since the gypsum powder is too homogenous to allow detailed 
correlation. The grains are only a small fraction of the volume (Volume<< 5%) and are therefore of 
minor importance to the overall mechanical behaviour of the gypsum powder33.  
A small base layer is sieved into the box to check if the elements are placed close enough to each 
other. If this is not the case the box is cleaned, disassembled and the setup needs to be repeated. 
 
A standard sieve is used to fill the box. It has a mesh spacing of approximately 1.5 mm. The sieve 
mesh size has a significant effect on the material behaviour (porosity affects tensile strength; 
SCHWEIGER). 
 
The material is sieved from a constant height34 into the box. Slopes are prevented since this could 
allow the falling gypsum to slide or roll down. This would lead to large and round clusters of 
gypsum powder at the base of these features35.  
 
The marker horizons are made of the same gypsum/sand mixture (Fig. 4.14). A red or blue pigment 
is mixed into the powder. The volume of pigment needed to colour the material is very low. Mixing 
takes a long time to allow a breakdown of the pigment clusters and gypsum clusters into a 
homogeneous mixture. The coloured layers are intentionally kept at a bright level to optimise the 
PIV results36. 
 
Since the gypsum surface is a very porous layer, any local stress would cause perturbations of the 
properties. Striving causes a local increase in strength due to sorting effects. To produce marker 
layers the same filling techniques need to be applied. The layers are sieved with the same mesh 
sizes from the same height without any modification of the subsequent surfaces. This leads 
unfortunately to irregular shaped and oriented marker layers. 
                                                          
33 All measurements (apart from density) are performed with the gypsum/sand-mixture. 
34 Height above the base of the table – This is approximately 5-10 cm above the upper edge of the glass 
panels. 
35 This effect is hard to prevent entirely. The powder bounces off the side walls and forms piles at the edges 
and holes in the corners.  
36 Optimal results are obtained with white gypsum in combination with the blue sand grains. Coloured layers 
perturb the PIV results significantly. 
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4.4.2 Experiment  
 
The experiment is started directly after installing light and cameras to prevent alteration of the 
powder37. Up to 3 digital cameras and a scanner are used to record the structures from the front 
glass panel or from the top surface. The scanner was used to record the back side, which would not 
have been visible since the box is located on a table against a wall. Unfortunately the old scanner 
produced low quality imagery due to lacking focus abilities and took too much time to acquire the 
images38. It was used only in the Jan13-experiment.  
The deformation of the box is induced by turning a wing screw. Half a revolution induces a mean 
slip of 0.64 mm along dip. The images were taken and the screw turned half a revolution again. 
The experiment is largely independent of the deformation rate. The angular velocity was however 
kept low (approximately 2-3 seconds / 0.5 revolutions). 
 
The experiments are run until the central table touches the bottom. Up to this point more than 90 
images are taken.  
                                                          
37 Please see experiment DEC_16. This set had a period of 20 h between setup and experiment. The material 
(as compare to e.g. DEC_02) was significantly stronger. 
38In contrast to my parallel-mode scanner from 1997, modern scanners have major advantages: Shorter 
image acquisition times and better focus abilities. Some manufactures guarantee the scanner to operate 
properly in a vertical mode. Unfortunately such a model was not available. A common scanner with out-of-
plane focus abilities would deliver a distortion free image of a 297×210 mm area and is independent on the 
light conditions. With a resolution of 600 dpi an image of the DinA4 area would have 34.8 Megapixel. 
Commercially available cameras are nowadays in the range of 10 MPxl. and are several times more 
expensive. 
 
Fig. 4.14 – First image of the Dec-16 experiment. Note that the 
powder as well as the layering is not totally horizontal since the 
material is filled in by sieving. Vertical column height is approximately 
11 cm. 
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Fig. 4.15 – Flow chart of the image processing procedure with the example of a CRW-file. 
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It should be noted, that the design of the experiment box lacks the ability to seal the gaps between 
the base and the glass panels within all experiments. The system is very sensitive and the sealing 
should be improved in future constructions.  
The frictional behaviour of the central table is problematic.  
The induced subsidence is spread unevenly to the outer tables. The extension is irregularly 
distributed in such terms, that the movement is not divided evenly but alternates between the two 
sides. This effect was distinct in the first experiments. Intercalated lubricated39 foils below the outer 
tables reduced the friction noticeably. Constructional improvements are possible as well. 
 
4.4.3 Post-experiment procedures 
 
An overview of the box is photographed after the experiment and the powder is scooped back into 
a container for future use. Preparing the box, running the experiment, disassembling and cleaning 
takes 5 to 7 hours of time. 
 
4.4.3.1 Image processing 
 
The images recorded by the cameras are stored onto cd-roms. All images are subject to number of 
processing steps. Figure 4.15 shows the steps with the example of an acquired RAW-file (Canon 
camera). The file is converted from the CRW file40 to a TIF format so it can be processed by 
graphic programs. The files are subject to an individually created Adobe Photoshop macro that 
crops, rotates and modifies the colour levels. This ensures that the images are oriented horizontally 
and that the visual content is optimised for the human eye and for future processing.  
This set is treated further more in two different ways. One way (Fig. 4.15, left branch) involves a 
size reduction to 1024 pixels width to fit the image on a common computer screen. The images are 
annotated and the sequence is loaded into Apple QuickTime. The conversion into a movie file 
allows visualizing the image sequence more easily. All movies use the Sorenson or Sorenson 3 
codec41 with 2 fps, (key frame spacing: 6) and the highest possible image quality.  
 
The other processing way prepares the image set for the use in the PIV analysis (see next chapter 
for details on PIV). The high resolution is maintained but the colour resolution is modified. PIV is 
not capable to process 24-bit images. Therefore the single image is specially prepared. The image 
colour content (24-bit) is stressed to spread the visual information onto the desired 8-bit output 
range. A  
                                                          
39  
The two foils have a thin layer of graphite in between to reduce the friction of the system 
40 The CRW file is a manufacturer specific RAW file. It stores the data read almost directly from the cameras 
CCD-chip into a file. The files are approximately 2.7 Mbytes large and need to be converted to a common 
image format like e.g. TIF. The ouptput TIF file of the same resolution is approximately 9 MB large. 
41 This codec provided the best image quality. Since not all systems are supplied with the codec it might be 
necessary to obtain the latest update from the QuickTime homepage www.quicktime.com.  
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colour level modification in respect to the histograms stresses the colour range of the powder and 
the sand. The DN of the greyscale image emphasizes the differences between the  
formally white powder and the blue grains, while the dark image parts (e.g. background) are 
neglected since they aren’t of any importance to the analysis.  
This data set of 8-bit images is restricted to the first 21 frames of an experiment. The files are 
loaded into the PIV software and are processed.  
 
The used PIV software is capable to produce movies from the results in various AVI-formats. Since 
the image quality of the movies is not as high as the Sorenson QuickTime format42, the results are 
output as BMP image files to be manually loaded into QuickTime. The output size was reduced to 
50% of the original image. Due to cropping the files vary in their final dimensions. 
Frame rate, key frame spacing and codec are identical to the normal movies. 
 
4.5 PIV analysis 
 
Some of the experiments were subject to a PIV analysis. PIV stands for particle image velocimetry 
- a technique that is capable of tracing small image windows throughout an image sequence. The 
advantage of PIV in comparison to a conventional interpretation is that the deformation is 
quantitatively interpreted. Quantities like displacement or strain can be visualized easily. The high 
sensitivity of the analysis technique reveals subtle movements and segmentation that would not be 
visible to the attentive observer. Therefore a PIV analysis may give valuable additional information 
about an experiment. 
The program package used is DaVis from LaVision43.  
                                                          
42 QuickTime does not only deliver high quality movies, but also allows browsing back and forward through 
the image sequence of a movie. This frame-by-frame navigation is extremely useful and therefore highly 
recommended. The QuickTime viewer is freely available and runs on many different operating systems. See 
appendix for details. 
43 Browse to http://lavision.de/ for software details. 
 
Fig. 4.16 – The theory of the PIV analysis involves the comparison of 
small image windows. Within 2 successive images, a correlation peak is 
determined that delivers the displacement vector.  See text for details. 
Figure from LaVision brochure 
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4.5.1 Theory of PIV 
  
The particle image velocimetry breaks down an image sequence into a large number of small 
windows (Fig. 4.16). The sizes of these windows are 8×8 to 256×256 pixels, depending on the  
image dimensions. It is necessary to have a window with a specific area to make its content unique. 
A single pixel would not be traceable since the software would not be able to find it among similar 
pixels.  
 
 The software takes a small window in image i and compares it with the next image i+1. The 
interrogation window of image i+1 is shifted around its original position in image i until an FFT-
analysis determines the best fit. The cross correlation delivers a virtual correlation map with a 
number of correlation peaks (Fig. 4.16, right illustration). Since the image content is often similar 
along the interrogation window a number of correlation peaks are determined. The ratio of the 
largest to the second larges peak gives a quantitative measure for the S/N-ratio of the correlation. A 
peak-ratio of >1.5 is regarded as a robust fit (LaVision manual). A peak-ratio of 100 is addressed 
when only a single correlation peak is determined. 
 
The peak ratio allows quantifying the quality of the analysis and determines whenever a 
displacement is recognized or not. The displacement of an interrogation window between two 
successive images can be regarded as a relative measure, or the displacement can be summed up 
among the image sequence to quantify the displacement in respect to the first image. 
 
The derived vector field of a PIV analysis can be used to calculate various quantities. Single vector 
measurements deliver the displacement V and its components Vx  and Vy, while the combination of 
neighbouring displacement vectors make it possible to derive further quantities. This includes the 
two dimensional vorticity in the x/y-plane (ROTZ = Eyx – Exy), strains (e.g. Exx = ∂Vx/∂x, Exy = 
∂Vx/∂y), strain rates (|Exx-Eyy|) and others.  
 
It should be noted, that robust measurements depend on the contrast of the images, the magnitude 
of the observed displacement and the size and overlap of the interrogation windows. 
 
Table 4.2 lists the accuracy of the measurements. Note that with smaller interrogation windows the 
accuracy diminishes since smaller sizes result in less good correlations.  
Quantities derived from the vectors like strains are determined by relating neighbouring vectors.  
Size of the interrogation window Accuracy of the calculated vectors 
128×128 
64×64 
32×32 
16×16 
Down to 0.01-0.03 pixel 
Down to 0.02-0.05 pixel 
Down to 0.05-0.2 pixel 
Down to 0.1 – 0.3 pixel 
 
Table 4.2 – Accuracy of the vectors in good 
contrast images. Source: LaVision manual 
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The magnitudes derived from the displacements are related to their distance (Remember: ∂Vx/∂x). 
The closer the vectors are, the larger the relative error of the quantity gets. A 32×32 window with 
75% overlap has an accuracy of 0.05·2/24 = 0.6 % (LaVison manual). 
 
To allow good output data, the differences (displacements) within two successive images should be 
of a reasonable magnitude. If the displacement increments are very large, the software would have 
major difficulties in finding the maximum correlation, whereas small displacements in the subpixel 
range may not be resolved by the software.  
 
4.5.2 The used PIV settings  
 
The input images for the PIV analysis are preferentially taken from the Canon camera since it is 
capable to deliver unaltered44 TIF-images with a 3.1 MegaPixel resolution. The colour images were 
subject to a Adobe Photoshop macro to enhance the levels (increase the contrast, limit the colour 
range to the powder and sand information) and to convert the images to 8-bit greyscale files (Fig. 
4.17, 4.15). Only the first 21 images are taken. 
 
The frames of the image sequences are analysed with a decreasing interrogation window size. 
Starting with 128×128 pixels the interrogation window breaks down successively to 32×32 pixels 
in 5 runs. The larger sizes of the first runs determine a trend that is refined by the smaller windows. 
                                                          
44 The TIF format does not decrease the information content of an image. The common JPG format 
compresses an image by breaking it down in irregular sized rectangles neglecting subtle DN-changes. 
Although the JPG compression is not visible to the human eye the PIV software will not deliver robust 
correlations. Image acquisition in RAW of TIF format is therefore highly recommended.  
 
 
Fig. 4.17 – The TIF image for the input into the PIV analysis is reduced 
to an 8-bit greyscale file. The modification of the colour levels 
emphasizes the contrast of the sand bearing powder. The blue grains 
provide sufficient contrast to act as major “pin-points” for the cross 
correlation of the analysis.   
 
 
pdf printout   diploma thesis  
88 
The interrogation windows are allowed to deform since the material is subject to internal 
deformation as well. The small interrogation window size is chosen since the deformation gradient 
is very sharp due to the formation of fissures and faults.  
 
The virtual resolution of 32×32 pixels is enhanced to 8×8 pixels by defining a window overlap of 
75%. The accuracy of this level is in the range of 0.05-0.2 pixels (Table 4.2). 
 
The deformation induced by the basement fault is in the order of 0.62 mm/frame. With a scaling 
ratio of 6-8 pxl/mm the displacement of the basement fault is documented with 3.7-5.0 pixels. This 
is in the range of 1-size(interrogation window). 
 
Although relative measurements are possible, the analysis is done in respect to the first image. 
Since the throw of the basement fault is induced manually, the throw magnitude is irregular on a 
small scale. The PIV is very sensitive to the irregular displacement and produces flickering 
imagery. Comparisons of relative movements within the image sequence are therefore not 
recommended45. When the analysis is done in respect to the fist image, the differences in the 
incremental displacement are added and the irregular increments rule each other out.  
 
For every dataset analysed, the following quantities are derived: 
 
4.5.2.1 Original movie with pseudo colours 
 
The image sequence used to derive the movies is presented well. The pseudo colour images allow 
emphasizing changes in the light conditions or reflections that could perturb the analysis. These 
movies are suited to compare the original state of the experiment with the analysis. Since the 
analysis is based on 2 images (relative changes), the original movie is one frame longer (Fig. 4.19, 
upper image) 
                                                          
45 It is recommended to change the way the throw is induced. This effect has to be kept in mind when 
modifying the device. 
Fig. 4.18 – For the peak ratio, the 2 largest peaks are related to each other. 
See text for details. (image taken from the LaVision manual) 
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4.5.2.2 Peak ratio  
 
Q = (P1-min) / (P2-min) (Fig. 4.19) 
 
Relates the two largest correlation peaks to each other to determine the quality of the correlation 
peak. Q=100 is defined when only a single correlation peak is found. With the presence of more 
than one peak, Q>1.5 is regarded as a good quality value. The peak ratio is displayed as an 
individual movie. Colour bar range is set from 1 to 2. White values display a very good fit. Note 
that with increasing faulting, the correlation across a fault is less robust.  
Peak ratio movies can be used as a visual QC (Fig. 4.19, lower image). 
 
 
 
 
 
Fig. 4.19 – Upper image: The pseudocolour 8-bit image of the experiment 
shows the grainy character of the highlighted powder. This movie set was 
included to verify the input quality in terms of light conditions. Lower 
image: The peak ratio movie gives a measure for the quality of the 
calculated correlation peaks. A value above 1.5 (light green) are good 
quality values. White colours are very good quality vectors. Note how the 
coloured layers perturb the quality and how the evolving cracks destroy 
correlation abilities. (Experiment mar08b; frame 7) 
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4.5.2.3 Vector magnitude with source movie 
 
The displacement vectors define a deforming grid superimposed on the original image sequence. 
The colour of the grid corresponds to absolute displacement. The colour range adepts constantly to 
the maximum displacement evident in the image frame. The vector grid movies (Fig. 4.20) are 
suitable to display single fault blocks or to display diffuse deformation within the block. 
Unfortunately the magnitudes of the vectors are not scaled to the experiment but remain in the pixel 
format. Please see corresponding experiment tables in the appendix for scaling ratio pixel/mm. 
 
4.5.2.4 Two dimensional vorticity in the x/y-plane or ROTZ 
 
The two dimensional vorticity documents rotational changes in the experiment. The quantity is 
defined as:  
 
 
 
 
 
Fig. 4.20 – Upper image: The coloured grid superimposed on the original 
frame shows the total displacement magnitude. Lower image: the ROTZ 
movie displays the vorticity/rotation of grid components. (Experiment 
mar08b; frame 7) 
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ROTZ = Eyx – Exy  
 
(Find the strain definition in the next paragraph).The colour bar used is of a symmetric character 
(white corresponds to ROTZ=0) and the maximum values are +/-120 (Fig. 4.20, lower image). The 
movies display rotational events within the image sequence (also noted by the rotation of the 
superimposed grid). Fault movement (relative displacement across the fault) is highlighted as well 
as the rotation of entire fault blocks.  
Since the quantity ROTZ is a function of strains, this measure is dimension free and does not need 
to be scaled. Comparisons of various movies are therefore possible. 
 
4.5.2.5 Strain Exx  
 
The general strain definition (LaVison manual) is 
 
Eij = dVi/drji  i,j=1,2,3 = x,y,z 
 
This is corresponding to the general definition dL/L. Neighbouring vectors are taken into account 
to derive the quantities. 
 
Exx = dVx/drxx 
 
The distance change (x-component) between two in the x-plane neighbouring vectors is related to 
the original spacing (this is dependent on the interrogation window size). 
The same colour bar as within the ROTZ movies is used ranging from -300<Exx<300. Since the 
model is subject to an extension the values Exx>0 predominate (Fig. 4.21). 
These movies are suitable to visualize extension (horizontal) among fault planes as well as general 
horizontal dilatation within the image sequence. Since strain is a dimension less quantity no scaling 
is required. All movies (regardless of their magnification) can be compared since the colour bars 
are set to the same range.Note that the determination of strain values from vector displacement 
fields is a complicated subject. BONS illustrates the problems of strain measurements form 
irregular distributed vector fields. 
 
4.5.2.6 Strain Exy 
 
Exy = dVx/drxy  
 
The distance change (y-component) of two in the x-plane neighbouring vector is related to their 
original spacing, similar to the definition of Exx. 
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Fig. 4.21 – Upper image: The strain component Exx shows horizontal 
extension. Middle image: Exy is added to display the vertical shear 
component in the experiment. Note in both images, that the decreased 
correlation quality across the cracks (Fig. 4.45) distorts the ability to 
calculate robust strain values in the faults.  Lower image: Some 
experiments are also analysed in respect to their strainrate. (Experiment 
mar08b; frame 7) 
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To allow comparisons the same colour bar and range is set (Fig. 4.21). This quantity documents 
vertical shear components or allows visualizing rotation. Again, the quantity is dimension less and 
doesn’t require a scaling. 
 
4.5.2.7 Strain rate 
 
|Exx-Eyy| 
 
Determination of the strain rate in listed the range of 0-1000. This quantity is related to the first 
image and does not represent a relative rate (Fig. 4.21).  
 
4.6 Summary Modelling 
 
The material properties of the gypsum are well described by the shear and tensile strength 
experiments. The determination of a yield locus enables a proper quantification of the material 
behaviour. The cluster formation and the corresponding curved locus are a good analogue to the 
basalt material of the Koa´e fault zone. The used model setup is a simple construction that provides 
a pre-existing 60° dipping fault covered by undistorted material. This situation is similar to a 
resurfacing event (lava flow coverage) of a pre-existing fault like assumed within the Koa´e 
system.  
A varying powder column (7-21 cm) is used to simulate the geometries and evolution of the fault 
system. The analogue model properties allow image acquisition to produce time-lapse movies and 
input data suitable to be analysed with PIV software. The results are quantitative deformation 
measures.   
 
The scaling of the system’s strength is in the range of 1 cm equals 50-500 m in reality. This is 
approximating the natural example since vertical walls up to 25 m are evident.  
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5 Movies and results 
 
 
Analogue modelling results with 
snapshots, PIV analysis and some 
results 
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Name Raw Images Experiment Analysis
Name of movie/ 
Image set Camera 
Raw res. 
[MPxl] Format 
[pxl/ 
mm] 
Image 
Quality 
Column height 
[mm] PIV 
nov14_overview C 3 TIF - poor 120  
dec02_detail_right C 3 TIF - good 110  
dec02_overview P 2 JPG - average 110  
dec16_detail_left O 2 JPG - good 110  
dec16_detail_right C 3 TIF 7.89 good 110 × 
dec16_overview P 2 JPG - good 110  
jan13_backside S 3.8 BMP 8.33 poor 150 × 
jan13_topview C 3 TIF 4.74 good 150 × 
jan13_overview O 2 JPG - poor 150  
feb12_detail_left O 2 JPG - average 210  
feb12_detail_right C 3 TIF 5.55 good 210 × 
mar08a_overview O 2 JPG - good 70  
mar08a_detail_left C 3 TIF 7.52 poor 70 × 
mar08b_overview O 4 JPG - good 100  
mar08b_detail_left C 3 TIF 8.33 good 100 × 
mar09_overview O 4 JPG - good 145  
mar09_detail_left C 3 TIF 6.72 good 145 × 
mar10_overview* O 4 JPG - good 105  
mar10_detail_right* C 3 TIF 6.56 good 105 × 
 
Table 5.1 – List of the experiments and corresponding movies (*=bonus movies). 
 
5.1 Introduction 
 
After the introduction to analogue modelling and its techniques in the last chapter, this chapter 
presents the contents and results of the experiments made.  
 
The best way to analyse the deformation structure and evolution of the experiments is to look at 
them in the time-lapse-movies. Snapshots like the ones given in this document lack the ability to 
show the development and context of the deformation structures. The reader is urged to open the 
attached DVD-rom to simultaneously look at the QuickTime movies. 
 
Table 5.1 shows chronologically the experiments made in the period from November 14th 2003 to 
March 10th 2004.  Nine experiments are made with in total 19 image sets and movies, displaying 
detail, overview and in two cases back- and top view of an experiment. Note that although a large 
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number of image sets are available only 8 sets are analysed with the PIV software. The discussion 
and general interpretation is limited to these 8 sets and a bonus experiment. Please note that all 
movie files are stored on the DVD-rom. 
 
5.2 Repertoire of observed deformation aspects 
 
The deformation characteristics of the powder models show major differences to the sandbox 
models with regular granular material like e.g. sand. The cohesive character of the gypsum enables 
the formation of a large repertoire of different structures. The experiment nov14 is used to give an 
overview on the occurrence of these structures within a single experiment. Many of these structures 
show up in the other experiments as well although differences in frequency, spacing and 
reproducibility are evident. Please note that this repertoire only gives on overview. 
 
The presented photographs were processed46 by applying a high-pass (radius 25) filter to the 
original and to a grey-scale copy of the image. The two bitmap layers were then merged to a single 
file (overlay option). This way of processing enhances the image so that the dark fractures are 
displayed more obvious. This also applies for the coloured layers. Note that the image processing 
does not change the geometry. All images shown in these descriptions relate to a single experiment 
(the one of November 14). The images are sorted in a chronological order.  
                                                          
46 The image processing program Adobe Photoshop was used for this operation. 
 
 
Fig. 5.1 – Image of the first observed deformation structures. The 
visual information was enhanced using a combination of high-pass 
filters in Adobe Photoshop. Numbers correspond to descriptions given 
in the text. (experiment nov14, overview, frame 01) 
 
 
pdf printout   diploma thesis  
98 
 
 
5.2.1 Subvertical fractures 
 
During the early stages of the experiment fractures propagated downwards from the surface (Fig. 
5.1; key 1, Fig 5.2). In the uppermost domain the fractures first show a subvertical dip as well as 
pure mode-I (opening) behaviour. In later stages a mode-II component as well as a change of dip 
with further propagation is common. The location of the mode-I fissures could indicate a broad 
surface bend. 
Mode-I fractures not only develop in the wedge above the basement fault, but also in the central 
part of the table where they form subvertical and mode-I features throughout the entire experiment 
(Fig. 5.3). The distal parts on the outer tables also show mode-I fractures. These are subvertical in 
the upper domain and show a synthetic dip in deeper parts. 
 
5.2.2 Antithetic fractures 
 
Almost all experiments show antithetic fractures (Fig. 5.1; key 2,3, Fig. 5.2). These form either at 
the basement fault and may have pure mode-I kinematics at the early stages, or they form at in the 
elongation of the basement fault in the surface domain. The deep fractures (Fig. 5.1; key 3) are 
probably a result of the sharp deformation gradient induced by the basement fault. Since the 
powder is not capable to react on the sharp contrast, these mode-I fractures open. As soon as the 
fracture moves downwards with the table, it closes again and is hardly visible thereafter.  
 
Fig. 5.2 – Detail view of the previous image 
shows a subvertical mode-I fracture 
propagating downwards. The antithetic 
curved fracture on the left side does not 
seem to penetrate the surface yet.  A third 
fracture is visible at the bottom. The small 
fracture is oriented antithetic and may 
resemble rather a mode-I than a mode-II 
fracture. Mode-I movement dominates. 
(subset of nov14, overview; frame 01) 
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The fractures at the shallow parts (Fig. 5.1, key 2; Fig. 5.2) form within the wedge above the 
basement fault. The antithetic dip of these features show a prominent kink into a lower subvertical 
or synthetic part. The curvature causes with further displacement the opening of large voids in 
shallow domains and often induces a rotation of the overburden material (Fig. 5.3). These features 
are common at the start of an experiment and are well developed on both sides. The surface that is 
isolated by this fracture often masks buried deformation in respect to an observer at the surface. 
 
5.2.3 Shallow block rotation 
 
The existence of shallow antithetic fractures favours the opening of voids with ongoing throw of 
the basement fault. Depending on the segmentation of the fault strand due to merging with 
neighbouring strands, larger blocks may be cut on 2-3 sides by the fractures (Fig. 5.3; key 2). The 
large displacement gradient may cause the rotation of the shallow blocks up to 90° within some of 
the experiments. Since this phenomena is dependent on the fracture spacing and their merging the 
reproducibility is low. Within a single experiment with identical column heights different structures 
 
 
Fig. 5.3 – Overview and detail views of the experiment nov14, frame 
44 with ongoing fragmentation. 
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may evolve as seen in Figure 5.3. The symmetry shown in the figure (frame 44) is still visible: 
Both sides show 3 fracture structures. The left side focuses the deformation on the inner fracture 
whereas the right side uses the inner and outer facture, therefore producing different geometries. At 
this stage the experiment deviates from the symmetry. 
 
5.2.4 Isolated fractures 
 
Figure 5.3; key 1 shows a small isolated fracture within the gypsum column. The subsidence and 
the deformation within the two fault zones causes extension on the central part with the opening of 
a central fissure. A small isolated fracture is visible in the image in frame 44. The exact reason for 
this is not know. 
 
5.2.5 Listric fractures/faults 
 
In Figure 5.3; key 3 the mode-I fissure shows further downward propagation towards the master 
fault. The pure mode-I fashion changes into a mixed mode-I and II. The slight vertical offset can be 
seen in the irregularities on the fault surface and the morphological step. Since mode-I 
predominates no fragmentation on the fault plane is visible.  
A listric feature is also visible on the left but is developed less good. Within this case the fault is 
segmented into several strands showing predominantly mode-II movement since the deformation is 
concentrated to a smaller lateral zone. 
 
5.2.6 Asperities 
 
The clustered character of the gypsum powder leads to initially irregular fractures dictated by local 
material weaknesses and the overall stress field. With ongoing displacement the deformation 
organizes and local structures as well as the overall stress field dominate over the material issues. 
This effect can be observed in Figure 5.3; key 4, where a number of asperities are created by the 
linkage of fractures. The irregular fracture surface as a result of material heterogeneity leads to 
straining and releasing bends. The straining bends are not stable within the deformation field and 
are eroded with the further normal faulting movement. Note the sharp displacement gradient on the 
normal fault (Fig. 5.3; key 4) increasing significantly towards the surface. 
 
5.2.7 Boulder accumulations 
 
At later stages in the experiment material may fall into the open fractures. Figure 5.4; key 1 
illustrates how the fragmentation of a shallow block fills a normal fault. The material accumulates 
at the bottom and is milled into smaller fragments and smeared into the fault.  
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5.2.8 Complex fracture networks and rotation of fault wedges 
 
In the late stages of experiment Nov14 - as shown in Figure 5.4; key 2 – the right side shows 
extended segmentation. The deformation induced by the master basement fault is spread on several 
fault strands with a listric character. The successive throw on the curved structures rotates the fault 
wedges (Fig. 5.4; key 2 and 4) in an anti- and a synthetic way. The opening of voids and the 
reorientation of pre-existing fractures in respect to the overall stress field causes instable 
conditions. The fault wedges are fragmented and show a dense internal fracture network.   
 
 
 
 
 
Fig. 5.4 – Overview and detail views of the experiment nov14, frame 
120 with ongoing fragmentation. 
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5.2.9 Surface morphologies  
 
The repertoire of surface morphologies is large as well. Figure 5.4 illustrates the surfaces at the end 
stage of experiment Nov14. Although the powder column is similar on both sides the evolution of 
the deformation causes different cross sectional morphologies (Fig. 5.5). While the left side is 
dominated by only a single fault strand, the deformation on the right side is spread into a number of 
fractures.  
 
The left side (Fig. 5.4 and 5.5) shows a dilatational fissure in the proximity of a subvertical fault 
scarp. No extended surface bending is visible on the foot- or hanging wall. The hanging wall is 
deformed extensively in a local fashion by former block rotation and fragmentation. Open fractures 
on the hanging wall are present but small.  
 
The morphology of the right side (Fig. 5.4, 5.5) is shaped by the presence of a number of listric 
faults. The cross sectional view does not show a single vertical scarp but a more gradual stepping 
morphology with local surface tilts. Ramp structures are evident with an anastomosing character in  
the onview. The ramps are separated by large gapping fractures (mode-I and mode-II) that in 
contrast to the left side show more opening than vertical movement. Extension fractures are visible 
in more distal parts of the surface kink (Fig. 5.5) and are less good developed as opposed to the 
scarp type on the left. Note the debris at the base of the ramp structures (Fig. 5.5). The former 
block rotation may cause a local compression at the very shallow parts resulting in rubble 
structures.  
Please compare the surface morphologies of this experiment with the images of the Koa´e fault 
zone shown in figure 3.10 (scarp type, upper left image), figure 3.11 (ramp type) and figure 3.12 
(lower image).  
 
 
Fig. 5.5 – Onview on experiment nov14 showing the different domains 
of surface deformation. Note that the left and right side differ 
considerably. See text for detailed descriptions. (image height 
approximately 10 cm) 
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Name Raw image Experiment Analysis 
Name [mm/Pixel] Column height [mm] PIV 
mar08a_detail_left 7.72 70 × 
mar08b_detail_left 8.33 100 × 
mar10_detail_right* 7.89 105 × 
dec16_detail_right*** 7.89 110 × 
mar09_detail_left 7.52 145 × 
jan13_backside 8.33 150 × 
jan13_topview** 6.72 150 × 
feb12_detail_right 6.56 210 × 
 
Table 5.2 – Experiments treated with the PIV analysis. (*.** bonus 
movies; *** dec16 showed problems discussed further in the text) 
 
5.3 Experiment series 
 
Since there is hardly any information available in using cohesive powders in geological models. a 
major task of the experiment series was to explore the possibilities and restrictions of the material. 
As already discussed in chapter 4.3.4. the shape of the yield envelope of the powder and the critical 
Mohr circles of shallow extensional settings are of similar curvature. Because of this curvature the 
fracture dip angle θ is dictated not by the overall stress field but more likely by local 
heterogeneities. The clustered character of the powder as well as the filling technique makes it 
impossible to produce a homogenous experimental setup.  
One could argue that the geological reality is not homogenous as well. But since the type and 
magnitude of the heterogeneities are not controllable, the reproducibility of an experiment is 
limited.  
 
Every single experiment is tested on reproducibility at least once since the construction of the box 
holds a symmetry plane. A number of deformation features are observed on both sides. but the final 
geometry of the fault sets always differs in some key issues.  
 
The experimental series do not provide total insight in the evolution of the fault system within the 
powder because of the limited reproducibility. On the other hand the mechanics and physics behind 
the observed structures do apply and a characterization might help to understand the phenomena.  
 
To limit the complexity in the experimental series the same material was used. In all experiments 
(this excludes mar10) the gypsum powder was filled into the box by same technique to obtain a 
mixture that is as homogenous as possible. The Koa´e fault system – as well as other fault system 
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are located in volcanically active settings –  and it is periodically covered with lava. A well 
developed “parent” fault47 is therefore assumed in an unknown depth. 
 
The experiment series involve the change of the powder column above the rigid basement fault to 
simulate this situation. The development of the fault system as well as the development of the cross 
sectional morphology is documented. The presented image sequences hold column heights ranging 
from 7.5 cm to 21 cm (Table 5.2).  
The experiments with 75 mm, 100 mm, 145 mm, 150 mm and 210 mm column height are 
compared with each other to determine the dependency of the structures on the column height. The 
experiment dec16 and the experiment mar10 are exceptions. Dec16 proved to be too hard since the 
material was put in the box 24 h prior to the experiment. This time span enabled an alteration 
probably due to air humidity changes. The experiment was not removed but remains in the movie 
compilation for comparison. 
 
The march10 experiment is a bonus experiment with decoupled gypsum layers. The basalt 
sequence in Hawaii shows intercalated weakness planes of soils, pyroclastic ashes or chemical or 
physical weathering products. To mimic these layers, thin irregularly spaced sand layers where 
added. The results and a detailed description of this experiment is given in chapter 5.3.3. 
 
 
5.3.1 Experiments with varying column heights  
5.3.1.1 75 mm – mar08a 
 
Experiment mar08a was done with approximately 75 mm column height (Fig. 5.6) and is the lower 
end member of the series. The experiment shows major differences between the structures evolving 
at both sides. The left side shows a vertical (later listric) fissure propagation from the surface 
downwards curving to the master fault. The right side has a subvertical fissure propagating 
upwards from the basement fault without a noticeable curvature.  
 
(Please refer to the movies) The right side (Fig. 5.6)  shows gaping fissures on the hanging wall 
and some smaller fissures on the footwall. The gap opening up next to the dominant vertical fault 
causes major instabilities. The hanging wall wedge fragmentises and falls into the opening void. 
Note that the fragments show an arching effect up to late stages when the fragments fall into the 
fault (see corresponding movie mar08a_overview or Fig. 5.6). 
                                                          
47 This corresponds to a buried fault with a prominent throw at the former surface. The overburden material 
is not affected by the movements on the fault plane yet. 
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The left side is documented with an additional camera view that enabled a PIV analysis (Fig. 5.7).  
The initial deformation of the left side is governed by a distal placed vertical fissure that curves 
towards the parent fault (Fig. 5.7; 2nd row). The evolving listric character leads to a rotation of a 
fault wedge (Fig. 5.7; 2nd row, right side). The wedge is defined by the listric fault and a subvertical 
fault propagating upwards from the parent fault. The initial rotation of the wedge favours an 
antithetic fracture close to the surface. This fracture decouples the surface domain from the lower 
parts and masks deeper fault movement. The rotating surface blocks show local compression (Fig. 
5.7 left column, 2nd and 3rd image: cyan colours)  
The extended fragmentation of the wedge due to the movement on the dominantly listric fault is 
only taking place in deeper levels. The listric fault is the most distal fracture on the footwall block 
on the left side (as opposed to the two small fissures on the right side footwall block (Fig. 5.6). 
 
Note that the position of the morphological fault scarps differ on both sides as well as the surface 
morphology evolution: The formation of a buried fault lens (Fig. 5.6) is however evident on both 
sides and observed this good only in this experiment. 
 
 
 
 
Fig. 5.6 – Experiment mar08a – Overview image (frame 20) 
(Image is treated with high-pass filters, refer to chapter 5.2 for details) 
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mar08a_detail_left (70 mm vertical column) 
 
 
 
 
 
Strain Exx; frames 2,6,12,20 
 
ROTZ; frames 2,6,12,20 
 
Fig. 5.7 – Exx and ROTZ of the mar08a_detail_left experiment in the initial stages of the experiment. 
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5.3.1.2 100 mm – mar08b  
 
The experiment mar08b with approximately 100 mm gypsum column shows remarkable 
similarities between the structures on the left and right side (Fig. 5.8). Note that the location of the 
master listric fault is different. Both structures start as vertical fissures propagating from the surface 
downward. The one on the left side is closer to the parent fault as compared to the right specimen. 
Because of this varying distance the resulting fault wedge varies in horizontal extent. The smaller 
left wedge segments less than the larger right one. The right fault wedge is segmented in Fig. 5.8 
into two steps and one ramp while the left only shows a ramp structure. Both ramps are a result of 
an shallow antithetic fracture. Fissures on the footwall blocks are hardly developed while the 
central graben is segmented extensively during the late stages of the experiment (refer to movies). 
 
The PIV analysis of the detail-view (Fig. 5.9) shows strain (Exx) and ROTZ of the first frames. 
Note the curvature of the first fissure that becomes the master fault (Fig. 5.9; upper left). Already in 
frame 2 the rotation next to the fault is visible (green colour, upper right image). The shallow 
antithetic fracture enhances the rotational component in frame 6 producing a slight shallow 
compression (cyan colour in Exx plot of frame 6).  
 
Although hardly any rotation is visible in the hanging wall a left-dipping fault develops. Frame 12 
shows that the rotational component as well as the Exx diminishes downwards, whereas frame 20 
shows a increase of these quantities at the base of this fault. 
 
Fig. 5.8 – Experiment mar08b – Overview image (frame 20) 
(Image is treated with high-pass filters, refer to chapter 5.2 for details) 
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mar08b_detail_left (100 mm vertical column) 
 
 
 
Strain Exx frames 2,6,12,20 
 
ROTZ; frames 2,6,12,20 
 
Fig. 5.9 – Exx and ROTZ of the mar08_detail_left experiment in the initial stages of the experiment. 
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5.3.1.3 145 mm – mar09 
 
The experiment mar09 with approximately 145 mm load produces some exceptional features. As 
already indicated by Fig. 5.10 the curvature and dip direction of the outer fissures is changing. This 
effect does not occur in any other experiment. Since the symmetry is good in this experiment the 
PIV treated left side is discussed only. Figure 5.11 shows that a fissure opens at the surface and 
simultaneously a fracture propagates upwards from the parent fault. The two branches do not 
merge or touch each other (Frame 2). In frame 6 the distal fissure on the left side opens with a dip 
to the outer experiment boundary (to the left). Since the lower part of first two fractures is too steep 
(in respect to the 60° basement fault), a third fracture evolves in the straight elongation of the 
basement fault (frame 6). Antithetic dip, surface rotation and compression are visible again. Kinks 
or former fracture terminations are commonly the starting point of new fractures showing opposite 
dip directions.. 
 
 Please note that the two parallel vertical stripes on the left side of the left PIV image sequence are 
a result of a scratch in the glass. The low-angle dipping plane at the bottom (already visible in 
frame 2) is an exceptional feature as well. No strain Exx is visible whereas the ROTZ components 
shows high values.  
 
The major deformation is located within the outer parts of the footwall, where fracture density and 
rotational components are high. Antithetic cracks in the hanging wall develop late and are less 
prominent as within other experiments. Mode-I surface cracks in the hanging wall are not visible 
until very late stages. 
 
Fig. 5.10 – Experiment mar09 – Overview image (frame 20) 
(Image is treated with high-pass filters, refer to chapter 5.2 for details) 
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mar09_left_detail (145 mm vertical column) 
 
 
Strain Exx frames 2,6,12,20 
 
ROTZ; frames 2,6,12,20 
 
Fig. 5.11 – Exx and ROTZ of the mar09_left_detail experiment in the initial stages of the experiment. 
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5.3.1.4 150 mm – jan13 
 
The experiment jan13 was documented with 2 cameras and a scanner. The scanner documented the 
back panel of the sandbox, while one camera shoot overview images and one camera shot top-view 
images (Chapter 5.3.2). The scanner was unfortunately not suited for a vertical image acquisition 
mode. The Exx analysis shows vertical green and cyan bars documenting a varying scanner speed 
(acceleration and deceleration). The 20 frames used for the analysis are hardy affected by the 
scanner distortion effects. 
 
The experiment starts with an array of en-echelon fractures. The subvertical features are lined up in 
the elongation of the basement fault (Fig. 5.13; upper right image: red line). Note that fracture 
kinks in the surface domain (Fig. 5.13, upper right image) to form the common shallow antithetic 
fracture. On the foot wall a series of mode-I cracks are the first surface features (please refer to 
movie). The two on the right define a shallow block that rotates within the experiment (Fig. 5.12). 
The one on the outer left (distal part) is a pure mode-I feature, while the 2nd fracture changes from 
mode-I to prominent mode-II movement. In all cases mode-I precedes mode-II.  
Two of the surface fractures evolve into fault strands. The right strand that evolves from the en-
echelon set is not continuous and fault displacement is distributed on several branches. This causes 
fragmentation in the lower regime. The left strand propagates down from the surface towards the 
parent fault. Since there are no pre-existing fractures on the path, the strand is continuous and free 
of corresponding fragmentation. The left strands geometry is less disturbed and favours further 
movement. Therefore no visible deformation is observed beyond (more distal) this strand. 
Extensive rotation – as observed in mar09 – of the foot wall is not evident although the material 
column differs only 5 mm.  
 
Fig. 5.12 – Experiment jan13 – Backside view (frame 20) 
(Image is treated with high-pass filters. 
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jan13_backside (150 mm vertical column) 
 
 
 
 
 
 
Strain Exx frames 2.6.12.20 
 
ROTZ. frames 2.6.12.20 
 
Fig. 5.13 – Exx and ROTZ of the jan13_backside experiment in the initial stages of the 
experiment. 
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5.3.1.5 210 mm – feb12 
 
The experiment box is capable to hold a powder column of more than 20 cm height. The 
recommended height is twice the width of 10 cm. A powder column of 21 cm was tested and the 
dimensions of the device proved to be too small. The drag on the powder column was not causing 
faults but leaded to a situation that the powder was pulled off the side panels (Fig. 5.14). This 
tremendous boundary condition is to be avoided and therefore the experiment is of limited use.  
Although the deformation style deviates considerably from the previous examples some 
deformation features persist. The surface bending in combination with a steep upward propagating 
fracture (Fig. 5.15, Exx, frame 12) leads to a shallow kink with an antithetic fracture. The geometry 
and the induced decoupling leads to a block rotation and local compression in the surface domain 
(same image, cyan colours).  
Although a prominent vertical offset is observable in Figure 5.14 the surface morphology shows 
only a gradual ramp. Note that the deep low-angle fault system leads to a major rotation of the right 
side while the middle part of the experiment is virtually undeformed. The high density of fractures 
as well as the prominent rotation leads to extensive fragmentation of this outer part in the later 
stages of the experiment (Fig. 5.14). The large overburden load limits the dominant fragmentation 
to the shallower regime. Anatomising patterns are visible in the deeper parts as well but dilatational 
features close much faster and are therefore less obvious. 
 
 
 
 
Fig. 5.14 – Experiment feb12 – detail right (frame 100) 
(Image is treated with high-pass filters, refer to chapter 5.2 for details) 
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feb12_detail_right (210 mm vertical column) 
 
  
  
  
  
 
Strain Exx frames 2.6.12.20 
 
ROTZ. frames 2.6.12.20 
 
Fig. 5.15 – Exx and ROTZ of the feb12_detail_right experiment in the initial stages of the experiment. 
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5.3.1.6 Summary of the effects of the varying column height 
 
The limited reproducibility makes it hard to define robust laws of the evolving structures. This is 
obvious by comparing the structures of the 145 mm and the 150 mm column height or by 
comparing the left with the right side in all the experiments. But although the structures that evolve 
are different a number of generalizations can be made. 
 
In all experiments the deformation is largely influenced by the first deformation features and their 
location is respect to the parent fault. First deformation structures are mode-I fissures at the surface 
located roughly in the elongation of the master fault and fractures at the bottom/parent fault 
interface. These two fractures commonly define a fault wedge located always on the footwall side. 
Small powder columns enable the wedge to rotate to some extent, while larger columns show more 
extended internal deformation in the range of the first 20 frames48.  
Although there is some variation in the location of the first deformation features, a deeper parent 
fault makes it more likely that the fault wedge is broader as opposed to a shallow buried parent 
fault. In the case of the 7.5 cm deep parent fault the shallow location of the sharp deformation 
contrast in combination with a low load causes the opening of buried cavities. The induced 
deformation is more chaotic as with deeper parent faults. This is an effect of the sensitivity of the 
fracture dip angle θ to heterogeneities. The deformation is fist affected by the internal structure and 
not by the stress field.  
 
 
Fig. 5.16 – Frame 26 of mar08a shows a prominent antithetic fracture 
masking the deformation. (Image is treated with high-pass filters, refer 
to chapter 5.2 for details) 
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This leads to a massive fragmentation. In other experiments the surface structures show a larger 
dependency on evolving or propagating deeper structures in the gypsum. These fault planes seem 
to be more organized and cause less fragmentation in the early stages. 
 
Common in all experiments is the shallow antithetic fracture (Fig. 5.16) that decouples a surface 
block from deeper parts. The fracture is a result of the surface bending in combination with the 
sensitivity of the fracture dip angle θ. The fracture enables a rotation of the surface rather than 
breaking it. This causes 3 features: The formation of a gaping fissure at the upper edge of the block, 
compression on the lower part of the block and the formation of a gradual ramp structure as 
opposed to a sharp fault scrap. 
 
5.3.2 Top view experiment 
 
Only one experiment was photographed from the top49. A scanner, a camera and the top view allow 
a three sided impression of an experiment. Figure 5.17 shows the possibilities of combining several 
views to allow a perspective impression. Unfortunately this applies only if the surface topography 
is neglected. The jan13 experiment with approximately 15 cm load shows again an asymmetric 
morphology. The left side (left in respect to the top view and back view movies) shows more a 
ramp structure while the right side is of the scarp type. 
 
                                                                                                                                                                                
48 Almost all experiments show extended fragmentation during the localization of the master fault plane at 
late stages of the experiments. The comparisons given relate only to the analysed movies and the first 20 
frames of the corresponding experiment. 
49 The reason for this are equipment restrictions. Only a remotely controlled camera is capable to acquire 
these images. Since this is in my case the camera that delivers the PIV input images, the emphasise was to 
use it for detailed cross sectional images. 
 
Fig. 5.17 – Perspective view by combining the top and backside view 
of experiment jan13. Note that the topography of the top view is 
flattened. The interesting aspect of this view is that only two fractures 
of the side panel view are visible at the surface. (Frames 10 of jan13) 
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The left side with the ramp structure is a result of the shallow antithetic fracture. The top view 
shows in figure 5.18 the compression at the right boundary of the ramp. Note that the left boundary 
of the ramp is given by a gapping fissure, whereas the right compressional boundary is not visible 
on the surface. The right side of the experiment shows similar conditions but less obvious, since the 
corresponding fracture is developed less good. The general cyan colour in the middle part of the 
experiment (Fig. 5.18, upper row) are a result of the increasing distance between powder and 
camera due to the subsidence of the central table. 
The top view camera shows that the experiment is not totally consistent in the 3rd dimension. 
Fractures at the surface tend to curve and show bifurcations within the width of 10 cm (Fig. 5.18, 
upper image shows a light green coloured bifurcation). The bifurcations seem to be shallow 
features since they are highly fragmented and subject to an overall deformation style at later stages 
of the experiment.    
 
 
 
Fig. 5.18 – Strain image Exx with the corresponding top view and side 
view original. Note the blue and cyan colours documenting local 
compression whereas the associated fracture is not visible on the top 
view image.  (Frames 12 of jan13) 
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5.3.3 Decoupled layers – mar10 
 
The upper flow units of Kīlauea volcano are emplaced in short time span. Surface units are rarely 
older than a couple of thousand years, more often less than a number of hundred years, depending 
on the location in respect to Halema´uma´u crater or the rift zones. Prolonged exposure to the 
atmosphere as well as the cooling process itself results in the formation of ashes/pyroclastics, 
broken fragments, soil or a general loss of strength due to chemical alteration.  
Accumulation of ash/pyroclastics or soil is the most effective of these members in terms of 
decoupling flow units.  
 
The presented experiments lack local horizontal weakness planes. Therefore one experiment is 
added to the series that shows this feature. To produce decoupling irregularly spaced sand layers 
are intercalated. The spacing and the thickness of the sand varies due to the problematic filling 
technique. In general, the sand is slightly thicker in the centre as at the outer glass panels. Therefore 
the sand is not visible to the observer as a continuous layer.   
 
The mechanical behaviour of the sand is not specified in detail. The fact, that the sand has hardly a 
cohesion is given by the fact, that dry sand grains don’t stick to each other and that sand is not able 
to support vertical walls as opposed to the gypsum powder. Sliding of the powder over the sand is 
restricted due to the grainy character of the sand. This is similar to the irregular topography50 of the 
individual flow units. 
The volume of sand is kept low so that the overall mechanical behaviour of the powder dominates. 
Therefore a detailed classification of the sand beyond the listed properties is not necessary.  
 
The geometry of the 10.5 cm high experiment (Fig. 5.19, upper image) is similar to the sand free 
examples. A fault wedge develops that is strongly influenced by the first surface deformation 
features. The antithetic fracture that initiates a ramp structure is evident as well (Fig. 5.19, lower 
image, key 4; key 3 documents with the residual gypsum at the glass panel the former surface).  
 
The overall deformation style of the fault wedge is different in a number of details. The most 
striking difference is the propagation of the earliest fractures. The right outermost fracture is 
subvertical with a dominant kink. The oblique segment is located between two sand layers within a 
gypsum layer (Fig. 5.19, upper image), while the fracture is subvertical in the neighbouring 
gypsum layers. To some extent the sand decouples the gypsum, since many of the fractures end or 
stagnate in the area of the sand layers51. The sand is not able to hold or support tensile stresses as 
compared to the gypsum layers. The grain assemblage of the sand is loosened over a broader area 
whereas the gypsum powder localizes the tension with the formation of mode-I fractures.  
                                                          
50 The surface morphology of lava units is rough on a centimetre to metre scale due to the formation of lobes, 
tumili or rugged a´ā. See thesis mapping for details on these surface types. 
51 Note that the gypsum piles up the side panels. Therefore the sand layers appear much thinner and much 
higher as they are at the middle part of the experiment.  
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Fig. 5.19 – Experiment mar10 has intercalated sand layers. The 
cohesion less material is decoupling the powder layers to some 
extent. This modifies the deformation repertoire. Upper image shows 
overview of frame 10, lower image holds an annotated detailed view. 
See text for details 
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This contrast leads to horizontal jumps in the vertical fracture propagation as seen e.g. in Figure 
5.19, key 1. The offsets may lead to some indention of the layers. Since the mode-I movement 
precedes mode-II movement the indention may survive the initial stages of the deformation. Later 
on to some extent the indention may support an increased decoupling (e.g. visible in Fig. 5.19, at 
key 4). Progressive throw on the fracture will eventually destroy the asperities by fragmentation 
and milling. This effect is developed more prominent as opposed to the other sand-free examples. 
The fracture density is higher due to the irregular shaped initial fractures. 
 
The presence of the sand layers enables shallow block rotation on top of the sand layers – a further 
effect of the decoupling. 
 
The loose sand material is influenced strongly by the dominant deformation pattern of the powder. 
The vertical fissures and the prominent mode-I opening are features that don’t occur in pure sand 
models. The sand is not able to support vertical walls and collapses in the open fissures. Figure 
5.19; key 2 shows an accumulation of sand material in a fracture. This effect is believed to play a 
minor role in the case of the Koa´e fault zone since the layers of incoherent material are relatively 
thin. Fracture plugging is however evident in the field by wall failure. 
 
5.4 Summary of the analogue experiments     
 
5.4.1 Critical size of the used box and critical throw 
 
The feb12 experiment showed the limitations of the used box since fractures and normal faults 
developed at the outer boundary. A powder column should be significantly smaller than 20 cm to 
obtain useful results. The formation of a central mode-I fissure shows that the width of the central 
table is critical as well (e.g. Fig. 5.13). This is visible in all experiments during late stages. A wider 
table would probably either shift the crack to a more distal part or would cause a later occurrence. I 
assume a minor significance of this effect since the middle fissure remains subvertical and does not 
propagate towards the parent fault during the early stages. 
 
The critical throw hard to determine and more a personal opinion than a scientific question.  
Since the basement fault and the base of the experiment are not able to deform, some degree of 
freedom is necessary between the surface and the bottom of the box. A vertical column of 75 mm 
was regarded as a useful minimum. A smaller column would not allow sufficient throw.  
 
5.4.2 General deformation repertoire 
 
The deformation repertoire exceeds the possibilities of regular sandbox modelling. Features of field 
observations are observed that wouldn’t have been visible with the use of sand. This includes the 
formation of open fractures, vertical scarps, formation of rotating blocks and fragmentation. The 
structures show a very distinct localization due to the fine-grained character of the powder. While 
faults in sand material have a wide zone of granular flow and involve a certain degree of dilatancy, 
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the faults within the powder are well defined and localized in detail. The increase of detail is 
several magnitudes better due to the fine grained character. 
 
5.4.3 General evolution of the observed structures 
 
All experiments show similar structural components. The early structures play an important role in 
the evolution of the experiment. Mode-I features commonly precede mode-II features.  
 
Open mode-I fissures at the surface in the area of the elongated parent fault are the fist surface 
expressions (Fig. 5.1, 5.2). Simultaneously these fractures propagate downwards, while fractures 
from the buried parent fault propagate upwards. Commonly the mode-I surface fractures are 
subvertical and show a rotation towards the parent fault in larger depths. The upward propagating 
fractures commonly show a dominant kink in shallow regimes (Fig. 5.2, 5.3). This so-called 
antithetic fracture dips in the opposite  direction. (in respect to the parent fault). The kink results in 
a decoupling of a shallow block that is able to rotate and mask any buried deformation underneath 
(Fig. 5.16). These two major features define a triangular fault wedge with often curved boundaries. 
Successive throw on the straight parent fault causes fragmentation and a adoption of the wedge 
geometry by rotation or the formation of further faults (Fig. 5.8, 5.9). Plastic deformation is hardly 
visible in the surface domains. 
 
The rotation of the shallow fault blocks causes large opening magnitudes and local compression 
(Fig. 5.18) as well as the formation of gradual ramp structures.  
 
5.4.4 Surface morphology 
 
The evolution of the surface morphology is governed by the distribution of the first fractures. The 
occurrence and properties of the antithetic fracture plays an important role for the morphology. Is it 
well developed large open voids and a ramp structure with a basal compression are evident (Fig. 
5.16, 5.18). If the antithetic fracture is developed less good, the throw gradient is able to sustain to 
the surface and induces a prominent vertical fault scarp. Rotation hardly occurs since it is only an 
effect of a curved master fault and not of a shallow block (e.g. Fig. 5.6, right side). 
By taking these account of these two end members the fault scarp morphologies discussed in 
chapter 3 (e.g. Fig. 3.8, 3.10, 3.11) are produced. A scarp type with a few footwall fractures and a 
ramp type with large open footwall fractures. 
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5.4.5 Reproducibility and the governing structures 
 
The reproducibility of the experiments is dependent on the scale of observation. Often within the 
same experiment two different structural sets evolve on the left and right side. This effect limits the 
ability to compare the experiments of varying height. The reason for the variation in the structure is 
the curvature of the yield envelope of the model material (Chapter 4.3.4).  
The initial shallow mode-I fissures are very sensitive to local heterogeneities of the material and 
show a variation in their location. The final structure is largely influenced by these first structures 
the variation in deformation style and surface morphology is a direct result of this. 
 
The variety of structures is a result of the material properties and shows that the variety of the 
surface structures is not necessarily governed by a varying depth of the parent fault but more likely 
by subtle local perturbations. The systems proves to be non-linear. 
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6 Conclusions, summary and outlook 
 
 
Putting the picture together to discuss 
the results in respect to the field 
observations. General outlook on the 
use of cohesive powders in geological 
modelling. 
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6.1 Introduction 
 
This final chapter is segmented into two major parts. The first part will discuss the results of the 
analogue modelling in respect to the field example – the Koa´e fault zone on Hawai’i. The main 
features of the fault zone and the model results are pointed out and discussed. The second part will 
point out the main aspects of the model material and the possibilities and restrictions of its use for 
geological models in general.  
 
6.2 Linking model and nature 
 
6.2.1 Summary of the general structure of the fault system 
 
The Koa´e fault zone is not understood in the context of the entire structural system of Kīlauea 
volcano (Fig. 6.1). Virtually linking the curved E- and SW rift the Koa´e system it is not a pure 
extensional system but shows prominent vertical offsets with the majority of the fault scarps 
dipping to the NW.  The periodic change between intrusive and effusive phases (DIETRICH et al.) 
of Kīlauea and the corresponding ground deformation may indicate a variable stress field in the 
proximity of the rift zones. The varying ground deformation (DIETRICH et al.) may support this. 
Although the geometry and coherency of the seaward moving southern block is not understood 
properly yet (e.g. MORGAN et al., DIETRICH et al.) the rift zones can be regarded as the 
landward boundaries of the southern block system. The curved character of the E rift (Fig. 6.1) 
might be the reason for the subsidence. The from the curvature resulting triangle defined by the 
 
Fig. 6.1 – Perspective view on Kīlauea volcano and Hawai´i, facing 
approximately NW. The structural features are highlighted. Blue 
shows the rift zones and the caldera, whereas the green zone 
highlights the Koa´e fault system.   (illuminated (315/25°) DEM; 5× 
vertical exaggeration, see inlet for geographic reference and scale; 
changed after Holland 2003).  
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SW-, E rift zone and Koa´e fault zone (Fig. 6.1) may display a crude pull-apart structure inducing 
the local subsidence.  
The tabular magma chamber underneath the summit of Kīlauea and the magma reservoirs 
underneath the rift zones (DIETRICH et al.) may be of major importance to this system. These 
features do not only govern the stress field due to magma injection and effusion but also impose 
local perturbations in terms of the thermal gradient. DIETRICH et al. speaks of a creeping fault in 
9 km depth (Fig. 3.5) that defines the basal décollement of the S-Block. It could be possible that 
tectonic structures created by the magma behaviour (injection/deflation) or different thermal 
gradients within this triangle favour a exceptional structural situation. This is however a pure 
assumption.  
 
The analogue model with its 2-dimensional construction and a small scaling ratio (1 cm equals 50 
m - 450 m) is not able to make any predictions of this kind. Therefore the model does not deliver 
any suggestions or information about the bulk structure. 
 
6.2.2  Comparisons Field/Model 
 
6.2.2.1 Assumptions of the model and comparison the field 
 
The model shows single 60° dipping parent faults in a variable depth. The strength of the parent 
faults – are as result of the construction – is zero and the fault doesn’t show internal deformation. 
The powder column varies from 75 mm to 210 mm, which equals at least 370-1030 m in reality (if 
taking the smaller scaling ratio).  
The existence of a buried, well developed fault is likely due to the frequent resurfacing events in 
the Ka´ū desert as a result of the proximity to the eruptional fissures of the SW-rift. The periodic 
cover of this mature fault system does not result in a total plugging (Fig. 3.20, 3.21). Therefore a 
mature, well defined and localized fault structure with a low strength is assumed in an unknown 
depth. The undistorted top sequence is made of dominantly subaerial emplaced lava flows with 
predefined weakness planes (Fig. 3.18, 3.19). 
 
6.2.2.2 Material behaviour 
 
The clustered appearance of the gypsum powder leads to a initial diffuse deformation with sliding 
and rotating of fragments in a shallow regime. Prolonged deformation breaks the clusters and 
localizes the deformation. The strength of a localized fault zone diminishes. The basalt sequence in 
the Koa´e system acts similar. Fault offset distorts the joint-bounded fragments of the flow units 
creating boulders and broken slabs (Fig. 3.18, 3.22, 3.26). Indention may jam mode-II movement, 
while mode-I movement initially loosens the fragments until a localization sets in. Although 
irregular in the meso-scale of the outcrop (Fig. 3.22) the aerial images show a virtual homogenous 
deformation pattern (Fig. 3.16). This effect applies for the gypsum as well.  
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Material behaviour in terms of yield loci are similar. Both materials have a tensile strength and 
cohesion (Fig. 4.10). 
 
6.2.2.3 Initial deformation features 
 
First deformation features in the model are two kind of fractures (Fig. 5.1, 5.17). One fracture set 
propagates from the basement fault upward in a commonly steep fashion. Due to an initial surface 
flexure the fracture kinks in a shallow regime away from the fault (antithetic). This antithetic 
fracture is a prominent feature in all experiments. It decouples a rotating surface block from deeper 
structures (Fig. 5.16). 
The other fracture is a initially subvertical fissure. The fissure starts at the surface in the proximity 
of the elongated parent fault and propagates downwards in a subvertical fashion. In deeper regimes 
it curves towards the parent fault (Fig. 5.9). The location of this fracture is variable (Fig. 5.6). The 
fissure shows exclusively a mode-I opening in the initial stages as observed within the field (Fig. 
5.1). Both fractures often define a fault wedge (e.g. Fig. 5.8). The width of the wedge is variable 
but in general larger with deeper parent faults. 
 
6.2.2.4 Variation of the initial deformation features 
 
The location of the surface fissure is important for the development of the fault wedge and the 
development of the morphologies. Because of the curved yield locus of the powder a variation in 
the dip angle θ is possible (Fig. 4.12). It is not clear if this variation or other perturbations are 
responsible for the variation of the location. Depending on the location on either footwall or 
hanging wall, as well as the curvature, the fault wedge and the morphology are affected (Fig. 5.6). 
Is the location of the fissure shifted to the footwall, listric faults are developing with a stepping 
morphology and a slight block rotation. Is the location shifted to the hanging wall, steep scraps are 
common (Fig. 5.6). The system may compensate the deviations by forming additional fracture and 
fault sets. It should be noted, that the variety of the surface morphologies is not exclusively a 
function of the overburden load. 
Note that in some cases distal footwall fissures open. This fissures remain inactive during the 
majority of the experiments (Fig. 5.4).  
 
6.2.2.5 Fault wedge and the distance between fissures and ramp/scarp 
 
As already mentioned a direct relationship of the fault wedge and the depth of the parent fault is 
not visible because of the sensitivity of the system to perturbations. Still, wider fault wedges should 
develop with deeper parent faults. The distance between the outer features may act as a measure for 
the depth of the parent fault. These features are the termination of the ramp on the hanging wall and 
larger opening fissures on the footwall. In the field example in e.g. Figure 3.16 (upper image) this 
distance is less than 100 m. 
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6.2.2.6 The Ramp structures 
 
The Ramp structures are a result of an shallow antithetic fracture that is often associated with the 
upward propagation of a subvertical fracture from the parent fault. The kink in this continuous 
plane is probably a result of the surface flexure. The shallow feature decouples a surface block and 
allows it to rotate without extended internal deformation (Fig. 5.6). In small wedges the foot wall 
boundary of the rotating block may be the wedge boundary itself. In larger fault wedges additional 
segmentation may create other boundaries. Multiple systems of antithetic fractures are visible with 
deep parent faults (experiment feb12). The width and size of the rotating block is not a function of 
the depth of the parent fault but a function of the material strength.   
 
Note that the rotation of the surface block results in a gradual ramp. Footwall termination is a large 
gapping fissure/fault while the hanging wall termination is not visible. This applies for the 
experiments as well as for the field observations. The termination is commonly seen as 
compressional structures (small buckling or extended fragmentation), whereas the cavity itself was 
found in the field only in very rare cases (Fig. 3.11, 3.12, 5.17, 5.18). Note that the block, the 
cavity and the large gapping fissures are shallow features. 
 
6.2.2.7 Scarp structures 
 
Steeper initial fractures and therefore tighter fault wedges result in the formation of surface 
morphologies that show vertical walls without a noticeable ramp. In such cases the antithetic 
fracture is undeveloped or less good developed (Fig. 5.6). 
 
6.2.2.8 The impact of layering 
  
The experiment mar10 (Fig. 5.19) was performed to mimic the horizontal decoupling between lava 
units by pyroclastics or weathering products. The propagation of the fractures within this 
experiment is affected by the cohesion-less sand  noticeably. The fractures terminate/rest at the 
intercalated layers and since the sand does not support tension the initial bending in the experiment 
causes jumps/offsets of propagating fractures. This effect is already evident in a small scale: In the 
gypsum because of the clusters and in the basalt because of the jointed character. Since mode-I 
precedes mode-II movement in the experiment and reality, this scale is less significant. The 
layering increases the effect of horizontal offsets considerably. Mode-I extension takes place, but 
mode-II is jammed by the prominent indention. The asperities are broken down and new fracture 
planes are created. The final geometry of the experiment mar10 is similar to comparable layer-free 
experiments. This indicates that the layering does not change the overall mechanics but causes 
more extensive fragmentation and a larger fracture network.  
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6.2.2.9 Restrictions of the boundary conditions 
 
The model shows single strand, 60° dipping, clear bounded parent faults. Although the proximity 
to the rift zone and to Halema´uma´u crater indicate that the Koa´e fault zone is frequently subject 
to a resurfacing events, the character of the buried structure is unknown. It is probable that the fault 
structure is only plugged partly by subsequent lava flows and not penetrated entirely. Still, the 
character of the basement/overburden interface is not known. It is probable, that the buried parent 
structure has similar features as the evolving structures of the experiment or the surface structures 
seen in the field. This includes open voids, ramps, fault segments and a fault wedge. Since the 
surface structures show fault planes with approximately 90° dip, it is not clear how such a structure 
reacts on fault movement when buried in a vertical stress field that favours shallower angles. Also 
the existence of multiple structures creates a complicated image that cannot be simulated by the 
presented experiments.  
A further experiment should be performed where the evolving structures are periodically covered 
with powder to simulate the proposed volcanic growth fault system. 
 
6.2.2.10 Bulk rock properties 
 
The presence of large open voids at the surface of the Koa´e system suggests high permeabilties of 
such systems. The experiments showed that the large gapping fractures are rather shallow features. 
The opening magnitude of the faults is smaller underneath the surface regime with the block 
rotation. The creation of voids is not only done by the rotation of a surface block but by a general 
mode-I opening of fissures at the surface. The opening magnitudes are smaller towards larger 
depths due to the confining pressure and the rotation of the fault plane into an inclined fashion. 
Therefore the permeability decreases towards depth noticeably. It should be noted that the 
irregularities of the fault planes due to the indention (on the scale of the jointing and as an effect of 
  
 
Fig. 6.2 – Left image: Fissure on the ocean floor within basaltic material in the 
proximity of a mid-ocean ridge. Right image: black smoker with hot saturated 
water ejecting from pipes on the seafloor. Images taken from FRANCHATEAU. 
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the layering) will cause fragmentation and formation of a dense fracture network. Loose boulders 
and detached slabs may lead to a large macro-pore space and high permeability values. 
 
Periodic lava coverage promotes the formation of permeable zones since the shallow part is mostly 
affected by the fragmentation. The concept of volcanic growth faults leads therefore to the repeated 
burial of fragmented shallow parts and therefore to multiple levels of highly fragmented zones 
(voids, fragments, cavities,…). 
This makes them probably the most permeable fault zones imaginable (Fig. 3.33).  
 
6.2.3 Implications 
 
Periodically covered normal fault systems in volcanic active areas may show a very high 
permeability due to intensive fragmentation and the creation of mode-I features. Since the fault 
zones are often located in areas with high thermal gradients, such fractures systems could host 
circulating hot water. Such hydrothermal systems are show high chemical activities and may 
transport large amounts of brine and dissolved material. The very high permeability could promote 
a very high flux system  responsible for the transport and accumulation of important resources like 
e.g. copper, zinc and lead (commonly as sulphides). It is probable that the ecosystems of white and 
black smokers on the oceanic sea floor could be influenced by such high permeable fault systems 
as well (Fig. 6.2).  
 
 
6.3 Powder as a model material for geological systems 
 
The most common material to model geological structures is sand (e.g. ATLAS OF 
STRUCTURAL STYLES, LOHRMANN et al., HORSFIELD, SCHELLARD, WOLF et al.). Over 
many decades this granular material was used to create analogues of numerous settings (Fig. 6.3). 
Sand is available in many different grain sizes, grain distributions and grain shapes. The 
determination of density and friction angle is relatively easy to obtain. The friction angle of the 
sand is similar to the friction angle of many rocks. A determination of the friction angle and the 
theoretical cohesion of the material is commonly derived in shear cells or other devices operating at 
intermediate to high stresses. The use of these devices commonly gives the linear part of the yield 
locus of the material (Fig. 6.3, stippled lines). The cohesion is obtained by interpolating the line in 
the Mohr-space until it crosses the τ-axis. This cohesion cinterp is used to compare the strength of the 
materials as required by the laws of scaling (HUBBERT).  This way of scaling is common since the 
material properties of the model material as well as the material properties of the rock are often 
only defined by the friction coefficient µ and the cohesion cinterp in the Mohr-Coulomb relationship: 
 τ max = µ · σn + cinterp. 
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6.3.1 The limitations of Mohr-Coulomb  
 
Since the yield envelope is approximately linear at higher normal stresses (Fig. 6.3, for the powder 
example) the linear approximation is valid52 for structures in deeper regimes. Problems occur if the 
models are simulating shallower regimes or general extensional settings. Figure 6.3 shows the 
discrepancy between a curved locus and a straight Mohr-Coulomb-relationship (Fig. 4.11, 4.12). 
Although noted by e.g. MANDEL (p. 129, 134) that the use of the Mohr-Coulomb relationship is 
limited to higher principle stresses, the use of the interpolated cohesion for the strength scaling is 
still common. This applies as well for the determination of the fracture dip angle θ at low stresses.  
If using the linear relationship structures in shallow depths and extensional settings are misjudged 
noticeably. The modelling of brittle failure in such a setting is vitally influenced by a curved locus. 
 
The cam-clay model (e.g. JONES et al.) provides a more realistic yield loci but points out the 
difficulties in comparing the loci of different materials. The cam-clay model can be restricted in our 
case to a 2 dimensional set, since a major bulk porosity change is not believed to be evident in the 
basalt, or the powder within the observed regimes. Also the stress state observable on the Roscoe 
surface (JONES et al., DARTEVELLE) are not of major importance. 
 
6.3.2 Why dry sand isn’t perfect 
 
SCHELLARD measured the shear strength of dry sands with low normal stresses and observed a 
kink of the linear loci in the shallower regimes (<400 Pa).  Since he lacks measurements below 100 
Pa he uses a linear interpolation of the lower kink and implies that the sands don’t not have a 
cohesion at σn = 0 Pa (SCHELLARD, his Fig.4) . This fact is largely ignored but obvious: Building 
sand castles with loose dry sand is impossible. The lacking cohesion and the lacking tensile 
strength  
                                                          
52 Fig. 4.10 shows the problems of comparing different loci. Although curved, the powder locus was 
transformed into a linear locus to allow a comparison to the basalt. 
   
 
Fig. 6.3 – Left image: Damp sand experiment with steep faults and a prominent 
fault wedge. Right image: Low angle dipping basement fault with steep faults in 
dry sand. Note the large width of the deformation zones.(Images from Shell’s 
ATLAS OF STRUCTURAL STYLES: 1047_100.gif; 1093_030.gif) 
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don’t allow vertical features. Sand has a theoretical cohesion (thus a theoretical strength) but no 
tensile strength. Apart from unconsolidated sediments the majority of rocks in geological  
systems have prominent tensile strengths. When any igneous rock solidifies it obtains a instant 
tensile strength and cohesion. Large intrusions, large basalt flow provinces, the majority of the 
ocean floor are made of these rock types. But also sediments may show prominent tensile strengths: 
E.g. carbonates consolidate rather quickly but also shales and sandstones gather strength during 
their consolidation.  
Dry sand is therefore not able to produce the structures of the majority of rocks in shallow 
extensional regimes. It was observed during the experiments that the first surface structures  have 
an impact on the evolution of the fault wedge and its fragmentation. This points to the importance 
of the shallow regime which should be scaled in the same manner as the deeper parts. 
 
6.3.3 The importance of the 33 Pa 
 
Figure 6.4 illustrates the interpolated yield locus with the measuring points of the shear 
experiments of the powder. The interpolated tensile strength is with 42 Pa slightly stronger than the 
measurement by Marcus Eber. He determined (EBER, SCHWEIGER et. al) a real tensile strength 
of a powder in the order of 33 Pa. This number proves along with the shear measurements that a 
cohesive powder like the used gypsum is a robust analogue material for the majority of rocks. 
 
6.3.4 Gypsum powder as a rock analogue 
 
The curved yield locus and the presence of a tensile strength make the cohesive powder well suited 
for geological models. 
The high strength (c = 62 Pa @ σn = 0 Pa) however restricts the ability of scaling. Only small 
geological features could be simulated in a laboratory scale if using this gypsum powder. The 
irregular shape of the gypsum clusters is believed to cause diffuse deformation prior to the 
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Fig. 6.4 – The yield locus of the powder (bold line) compared with the linear loci 
(stippled lines) from LOHRMANN et al. (Fig. 4, B and D) for the regime of the 
entire powder column (left) and in an enlarged view (right image corresponds to 
green box). 
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breakdown and therefore localization of the deformation. The effect of the indention of the clusters 
and the effect of the porosity development could be significantly different by using less angular 
cohesive powders. Starch (LUDING, personal communication) is for instance available in different 
degrees of roundness and could deliver deviating yield loci. For the modelling of the jointed lava 
flows of the Koa´e system the process of the cluster indention is positive. 
 
 
Apart from the material strength, the fine grained character of the powder limits the compaction 
and decompaction processes (Fig. 6.5) as observed in the shearing of sand (see e.g. LOHRMANN 
et al.). The formation of narrow deformation zones in contrast to the wide shear zones of the 
granular material (Fig. 6.3) favours the use of the fine powder since deformation in the brittle 
regime is sharply localized. Fragmentation processes can be observed while they lack within 
granular models. 
 
6.3.5 Disadvantages of the powder 
 
The material behaviour of sand is not understood entirely yet (e.g. DURAN, LÄTZEL et. al., 
LUDING, SCHELLARD, GENG, CATES et al.). The behaviour and rheology of powder is even 
less understood. The science of powder rheology is a rather a new branch of science that has not 
found its way into geological applications. Chemical engineering (LUDING), pharmaceutical 
science (EBER, SCHEIGER et al.),  and material sciences (LUDING, DURAN)  but also the food 
industry (HAAG) are characterizing the behaviour of these materials. The powder behaviour is 
dependent on numerous issues: Air humidity, electrical fields, sorting effects, local compaction, 
grain size distribution and many more. They all influence and alter the powder. The material 
characterization in this work covers the most important issues for the geological model, but fails to 
even list the dependencies on the named factors. Although applied as homogenously as possible to 
 
 
Fig. 6.5 – The lifespan of precursor faults is in coarse granular material much 
longer as expected. This is a result of dilatational processes within the sand 
over a wide zone. This effect is not scaled properly to natural systems. Images 
taken from MANDEL. 
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the experimental box, the reproducibility of an experiment remains low since local perturbations 
govern the exact location of the first deformation structures. The exact reason or a alternative of 
filling where not found that could increase the reproducibility. The high variability mimics 
however the different cross sectional morphologies of the field example. 
 
6.4 Outlook 
 
The use of the powder enabled insight in the faulting of the Koa´e fault zone showing intense 
fragmentation, rotating surface blocks and a high variability in the system. The geometry of the 
system could deliver information about the depth of a buried parent fault that was periodically 
covered by lava. The modelling shows that the system has a complicated inner structure with a 
large amount of open macro-pores. Hydrothermal systems within such zones would experience an 
extremely high permeability. Analogue models with a variable basement, multiple basement faults 
and also a variation in fault dip angle are as challenging as the an experiment with periodic powder 
coverage mimicking a syn-lava-flow throw to mimic the volcanic growth-fault system. 
 
The use of powder in geology has in my opinion a good future since the material is more similar to 
rocks than the commonly used sand. Evolving methods of determining the powder rheology as 
observed in other science branches will help to introduce this complicated material to proper 
geological modelling. 
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7.3 Figures  
7.3.1 Location of field images 
 
Figure Location in Figure 
Map 
key Eastings Northings 
3.10 upper left 1 257423 2139375 
 upper right 2 257932 2140821 
 lower left 3 256200 2142250 
 lower right 4 261275 2140227 
3.11 upper left 5 259536 2140040 
 upper right 6 261275 2140227 
 lower left 7 257423 2139375 
 lower right 8 259319 2142199 
3.12 upper left 9 259918 2140117 
 upper right 10 256413 2138867 
 lower 11 257172 2139346 
3.13 - 12 260475 2141141 
3.18 -  no location available 
3.20 - 13 255669 2143697 
3.25 -  no location available 
 
Figure 7.1 – Coordinates for UTM (Zone North, 5), WGS-84 datum   
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7.4 Fault statistics  
7.4.1 Measurements on the fault zone 
 
Azi. 
[°] 
Dip 
[°] 
mag. 
[cm] 
002 08 56 
013 05 48 
358 07 138 
174 12 30 
350 07 171 
356 05 60 
358 07 138 
162 05 26 
167 30 8 
005 10 170 
003 05 24 
003 18 28 
345 05 30 
001 15 170 
170 00 9 
337 10 8 
345 10 18 
003 25 170 
330 25 8 
347 12 22 
338 10 28 
325 00 26 
318 00 7 
351 26 168 
001 26 168 
331 20 12 
342 08 12 
355 25 172 
351 00 6 
345 00 6 
162 07 18 
167 00 10 
150 00 11 
150 00 50 
152 02 56 
136 10 11 
338 10 9 
344 21 50 
335 06 70 
337 00 8 
322 00 28 
340 00 36 
320 00 40 
148 00 33 
137 02 41 
170 00 20 
346 00 8 
312 10 12 
155 02 22 
153 00 6 
170 07 19 
157 25 18 
148 42 28 
158 00 8 
155 00 52 
145 00 40 
155 00 56 
160 03 55 
149 00 22 
147 00 22 
327 19 20 
346 26 202 
325 07 30 
325 05 31 
327 05 36 
345 15 10 
350 20 205 
172 07 11 
345 00 72 
172 07 18 
338 10 22 
164 05 26 
335 00 40 
327 00 26 
175 07 15 
155 06 38 
170 20 9 
152 19 8 
322 05 11 
153 05 45 
123 15 11 
325 06 62 
342 12 19 
280 00 5 
335 07 58 
325 00 16 
333 00 62 
187 30 8 
160 00 12 
170 00 19 
160 05 26 
168 10 5 
151 07 47 
158 22 24 
352 00 38 
000 00 48 
345 10 42 
340 11 50 
310 05 26 
155 12 19 
155 22 10 
337 33 94 
152 15 5 
156 00 5 
165 10 16 
167 00 16 
000 00 48 
159 10 9 
160 12 7 
340 02 11 
340 00 19 
155 20 28 
343 00 61 
348 00 128 
345 00 168 
149 10 42 
333 10 11 
340 22 36 
145 15 44 
150 27 47 
152 02 66 
328 10 58 
320 06 42 
350 21 26 
345 20 22 
346 22 7 
343 30 8 
350 10 20 
355 07 10 
344 05 84 
322 10 18 
329 05 17 
355 05 58 
357 05 45 
343 05 54 
335 17 8 
 
 
 
List of all data points measured along the fault trace. Declination (°DEG), inclination (°DEG) and 
magnitude (cm).
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7.4.2 Matlab codes 
 
7.4.2.1 respect2plane.m  
 
Purpose: Matlab function to rotate the data to a arbitrary new vertical plane to obtain the shear, 
shift and opening components in respect to this plane. 
 
 
function [datavariable]=respect2plane(inputdat,angle_orient); 
% outputs carhesian coordinates in respect to a new coordinate system rotated  
% by the angle "angle_orienation" to the existing one. Note right turn = positive angle 
% Marc Holland 
% ________________________________________________________________________ 
 
% first of all a copy of inputdat will be created regardless of its size 
% to make the function compatible to various tasks. 
 
copydat=inputdat; 
 
 
% isolate the carthesian coordinates by taking the first 3 columns 
 
carthes=inputdat(:,1:3); 
 
 
% now create the rotation matrix 
 
cost = cos (angle_orient/180*pi);    % direction cosine1  
sint = sin (angle_orient/180*pi);    % direction cosine2 
 
rmat = zeros(3,3);                   % define rotation matrix, size 3*3 
rmat(1,1)=cost;                      % fill it with corresp. dirct. cosines 
rmat(1,2)=sint; 
rmat(2,1)=-sint; 
rmat(2,2)=cost; 
rmat(3,3)=1; 
 
carthes=carthes*rmat;                % multiply coordinates with rot matrix 
 
copydata(:,1:3)=carthes;             % replace the first 3 columns by the new data 
datavariable=copydata;               % return the data 
 
clear copydat;                       % clean up the mess 
clear carthes; 
clear rmat; 
clear cost; 
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7.4.2.2 stat_matlab1.m 
 
Purpose: Loads the data into matlab, processes it in terms of rotation to a new plane and display 
the output in a number of diagrams. 
 
 
 
% Program name   :    stat_matlab1.m 
% Autor          :    Marc Holland 
% Purpose       :    statistics on unsorted fault data 
% Remarks        :    please do not forget to load/import the data into the variable data 
% Last Update    :    23. sept. 03 
%_________________________________ 
 
 
%%%% LOAD the data with the import tool !!!! %%%%%%% 
%%%% current location is: D:\thesis\hawaii\fault_stat\fault_stat1.xls 
 
atzi = data(:,1);    % store the azimuths separately 
dips = data(:,2);   % store the dips separately 
magn = data(:,3);    % store the opening magnitudes 
 
faultplane_azi = -23;       % normal of faultplane azimuths relative to N 
 
 
cost = cos (faultplane_azi/180*pi);  % direction cosine1  
sint = sin (faultplane_azi/180*pi);  % direction cosine2 
zrmat = 1;                           % dip of virtual fault plane is 90° 
 
rmat = zeros(3,3);                   % define rotation matrix 
rmat(1,1)=cost;                      % fill it with corresp. dirct. cosines 
rmat(1,2)=sint; 
rmat(2,1)=-sint; 
rmat(2,2)=cost; 
rmat(3,3)=1; 
 
 
figure(1);                           % open figure 1 
subplot(2,2,1) 
rose(atzi);                          % rose plot of the azimuths 
 
 
cartc=zeros(size(data));             % create empty matrix 
 
% convert geol.data/spherical data into Cartesian coordinates 
% please note the convention (azimuth, dip, mag) --> EAST, NORTH, UP 
[x,y,z]=sph2cart(-(atzi-90)/180*pi,-dips/180*pi,magn);   
 
cartc=[x, y, z];     % store the components into cartc 
cartz=cartc*rmat;  % multiply with rotation matrix to project on virtual fault plane 
cartz(:,2)=abs(cartz(:,2)); 
 
subplot(2,2,2)       % plot section - this should speak for itself 
scatter(x,y,5); 
grid on; 
xlabel('x alias EAST components'); 
ylabel('y alias NORTH components'); 
 
subplot(2,2,3) 
scatter(x,z,5); 
grid on; 
xlabel('x alias EAST components'); 
ylabel('z alias DOWN components'); 
 
subplot(2,2,4) 
scatter(y,z,5); 
grid on; 
xlabel('y alias NORTH components'); 
ylabel('z alias DOWN components'); 
 
figure(2);           % make the second figure 
clf; 
subplot(2,2,2); 
scatter(cartz(:,1),cartz(:,2),5); 
title('rotated x,y'); 
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xlabel('in plane movement (horizontal/shear) ') 
ylabel('out of plane movement/opening') 
grid on; 
 
subplot(2,2,3); 
scatter(cartz(:,1),cartz(:,3),5); 
title('rotated x,z'); 
xlabel('in plane movement (horizontal/shear)') 
ylabel('in plane movement (vert)'); 
grid on; 
 
subplot(2,2,4); 
scatter(cartz(:,2),cartz(:,3),5); 
title('rotated y,z'); 
xlabel('out of plane movement/opening') 
ylabel('in plane movement (vert)'); 
grid on; 
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7.4.2.3 fault_analysis.m function 
 
Purpose: takes an array “data” with LocationX, LocationY, DEC, INC, Magnitude and displays 
opening, shear and vertical component in respect to a 67° striking plane (normal -23°) and in 
respect to the array itself. A plot will be created from the information. An additional plot with the 
fault trace in respect to the 67° striking plane is created. 
 
function fault_analysis(data); 
% 
% Program name  :   fault_analysis.m 
% Author        :    Marc Holland 
% Purpose       :    statistics on sorted fault data. Makes 2 Plots 
% Last Update   :    21. Jan. 2004 
% input data     :    data is 5 times X big: [Locx, Locy, Dec, inc, mag] 
%_________________________________ 
 
data(:,1)=data(:,1).*2;  %convert it to metric since the grid I used had a 2m spacing 
data(:,2)=data(:,2).*2;  %convert it to metric “ 
 
spoint = [data(1,1) data(1,2)];                         % extract startpoint 
epoint = [data(size(data,1),1) data(size(data,1),2)];   % extract endpoint 
dpoint = epoint-spoint;                                 % make it relative 
[f_angle,f_lenght]=cart2pol(dpoint(1,1),dpoint(1,2));   % convert to polar coord. 
f_angle=f_angle./pi*180;                                % make angle degrees 
 
atzi = data(:,3);       % store the azimuths separately 
dips = data(:,4);       % store the dips separately 
magn = data(:,5);       % store the opening magnitudes 
 
faultplane_azi = 337;                 % normal of fault plane azimuth relative to N 
 
cartc=zeros(size(data));              % create empty matrix 
 
% convert geol.data/spherical data into carthesian coordinates 
% please note the convention (azimuth, dip, mag) --> EAST, NORTH, UP 
[x,y,z]=sph2cart(-(atzi-90)/180*pi,-dips/180*pi,magn);   
 
cartc=[x, y, z];         % store the components into cartc 
 
cartz=respect2plane(cartc,faultplane_azi);   % coordinate system conversion to a 67° 
striking plane 
cartz(:,2)=abs(cartz(:,2));                  % get rid of negative openings 
 
cartz2=respect2plane(cartc,faultplane_azi+f_angle);   % once more in respect to the fault 
orientation f_angle;  
cartz2(:,2)=abs(cartz2(:,2));                         % get rid of negative openings 
 
clf; 
hold on; 
subplot(2,1,1); 
hold on; 
plot(data(:,1),cartz(:,1),['+-','k']);  %plot shear component 
plot(data(:,1),cartz(:,2),['+-','b']);  %plot opening 
plot(data(:,1),cartz(:,3),['+-','r']);  %plot vertical component 
plot(data(:,1),data(:,5),['+-','g']);   %plot total opening 
 
xlabel('location [m]'); 
ylabel('displacement component [cm]'), 
title('relative to the rotated 23° fault plane - blue = opening, red = down, black = shear, 
green = total'); 
grid on; 
 
% put in the other data in respect to the individual segment 
plot(data(:,1),cartz2(:,1),['--','k',]); 
plot(data(:,1),cartz2(:,2),['--','b']); 
 
subplot(2,1,2);     % this one displays the fault trace in respect to 23° rotated plane 
hold on; 
plot(data(:,1),data(:,2),'+-'); 
grid on; 
xlabel('location x [m]'); 
ylabel('location y [m]'); 
title('relative orientation in respect to a 23°rotated plane'); 
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7.4.3 Figures of the data  
7.4.3.1 Stereoplots 
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7.4.3.2 Unrotated data 
 
Plot of the unrotated data. The data point’s declination, inclination, opening magnitude can be 
imagined as a vector (direction and magnitude). This vector is converted into its [x,y,z] components 
and displayed in this graph. [x,y,z] corresponds to [East,North,down]. All values show cm. 
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7.4.3.3 Data in respect to a 23° rotated plane 
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The [x,y,z] components were subject to rotation of the reference frame. The used reference frame 
is oriented with its components parallel to the overall fault strike of approximately 67°. This 
visualizes the opening, shear and down component in respect to this virtual fault. Values are given 
in cm. 
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7.4.3.4 Fault gradients and orientations – a selection 
 
 
A selection of measurements was used to determine gradients along one of the fracture strands. 
Input data was used from the faults 1, 3, 4, 15, 24 and 25. Apart from DEC, INC and MAG of the 
measurements, the location [X,Y] was measured in a relative frame oriented parallel to the overall 
fracture strike (rotated 23° in respect to N). The upper figure highlights the location of the faults 
and measurements and an approximate trace of the fracture strands.  
The next 12 figures (6 pairs) display the individual fractures and their components. The lower 
image shows the location of the fault within the reference frame. This plot allows seeing the 
orientation and the curvature. A flat line would show a fracture parallel to the overall strike, inclined 
lines show deviations. The upper image of the pair shows the components of deformation.  
The green line is the total opening; the black line is the shear component; the red line the vertical 
component and the blue line the horizontal opening. These values are calculated in respect to the 
reference frame. The stippled line shows the same components but in respect to the orientation of 
the fracture strand itself. The orientation is determined by taking the outer coordinates. Since both 
reference frames have a vertical axis, the total magnitude as well as the vertical offset remains the 
same. Opening and shear component however deviate. When the opening becomes smaller, and 
the shear component larger in the stippled lines, the fracture is “favouring” the overall strike. If the 
shear component is smaller in the stippled line, the deformation is more related to the orientation of 
the fracture itself.  
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Fault 1 shows a termination on the eastern (right) side and is cut off by the map boundary on the 
western (left) side. Opening and shear component are larger than the small vertical offset making it 
more a fissure than a fault. Shear- and vertical component show an almost linear decrease 
towards the eastern (right) end. Stippled lines show that the displacement of this fracture is 
correlated with the overall deformation of the fault system. At x ≈ 45 m the overlap zone to fault 3 
begins. This might be a reason for the deviation in opening. 
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Fault 3 starts on the western (left) side and ends as a branch of the major fault 4. Only minor 
vertical offset is evident in the overlap area (x ≈ 47 m) to fault. Main displacement is opening 
making it a fissure. 
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Fault 4 starts off the western (left) map boundary and branches on the eastern (right) side into fault 
24 and 25. Whereas the shear displacement is rather constant, opening and especially the vertical 
displacement increase towards the branched end (right side). Since the shear component 
increases on the stippled line, the displacement is dominated by the overall orientation rather than 
by the orientation of the fault branch itself.  
 
Fault 15 
 
Fault 15 starts on the western (left) side and continues beyond the right map boundary. Opening 
magnitudes of more than 4 m were not measurable therefore the last 200 cm value is a made-up-
point to illustrate the increase in opening (Value1 is 373°/00°/200 cm). The fault 15 is rather a 
fissure as well. The irregularities in orientation and components at x ≈ 142 m are an effect of a 
branch.  Added values from the other strand should increase the magnitudes even more. At x ≈ 
130 m the proximity to fault 25 and the high density of additional fractures are noticeable in an 
increase of the displacement values since fault 15 grows beyond 400 cm opening in the next 
upcoming meters. Stippled line is almost identical with the continuous line. This illustrates that the 
fault 15 is oriented almost parallel to the overall orientation. 
 
                                                          
1 The desired value was 373/00/200, so the data point would not have a shear component. This typo is 
however neglected since this value is made up anyway. 
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Fault 24 
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Lacking pin points on the left strand of fault 24 make it hard to analyse the displacements. Fault 24 
starts as one of two branches of fault 4. Separation from fault 25 is an intercalated coherent lens as 
well as some debris limiting the ability to make measurements because of local surface tilts. As 
with the other examples opening exceeds shear- and vertical components. Note the orientation of 
the strand how it deviates from the local reference frame. Shear components are smaller for the 
reference frame as opposed to the orientation of the branch in the map area. 
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Fault 25 
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As with fault 24, fault 25 starts as a branch of fault 4. The intensive deformation as well as surface 
tilts on the western (left) side limit the ability to take robust measurements. The eastern (right) 
termination of fault 25 shows consistent gradients in opening and vertical displacement. Shear 
values are very small  
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Gradients along a selection of fault strands 
 
0 20 40 60 80 100
-20
0
20
40
60
80
100
120
black = fault 25, blue=15, red=1, green=3
distance from tip [m]
sh
ea
r c
om
po
ne
nt
 [c
m
]
0 20 40 60 80 100
0
50
100
150
200
black = fault 25, blue=15, red=1, green=3
distance from tip [m]
op
en
in
g 
co
m
po
ne
nt
 [c
m
]
0 20 40 60 80 100
-60
-50
-40
-30
-20
-10
0
black = fault 25, blue=15, red=1, green=3
distance from tip [m]
ve
rti
ca
l c
om
po
ne
nt
 [c
m
]
0 20 40 60 80 100
0
50
100
150
200
black = fault 25, blue=15, red=1, green=3
distance from tip [m]
to
ta
l o
pe
ni
ng
 [c
m
]
 
 
From the analysed six faults on the previous pages four show fault tips within the area. These 
allowed taking measurements of the fault gradients. The components of the previous figures were 
taken form the coordinate systems with respect to the single fractures (stippled lines in the 
previous images). All fault locations were transformed so that the fault tip is located at x = 0 m to 
allow comparisons of the components. Best similarities are shown in the lower right plot with the 
total opening within the range 0-25 m.
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7.5 Material parameters 
7.5.1 Measurements with Jenike shear cell at DelftChemTec 
 
Professor Stefan Luding at DelftChemTec /Delft invited me to Delft to for a meeting. Apart from 
interesting discussions on the grain-scale behaviour of powders I was able to perform a number of 
measurements on a Jenike shear cell. I would like to thank Stefan Luding as well as his co-workers 
for the opportunity to visit them.  
7.5.1.1 Calibration Jenike shear cell 
 
 
Particle Technology, DelftChemTec 
  
calibration  weight [gr] reading [units] 
 1st run 144,7 3
  1587,7 34
  3030,7 57
  4473,7 71
  5231,8 81
 2nd run 144,9 4
  1587,9 27
  2085,9 35
  3528,9 59
 3rd run 144,9 4
  1587,9 24
  2085,9 34
  3528,9 54
  
  
  0,01546883 2,759241549
 y=mx+c m c 
  
diploma thesis    appendix 
23 
calibration shear cell
0
10
20
30
40
50
60
70
80
90
0 1000 2000 3000 4000 5000 6000
mass [g]
re
sp
on
se
 [u
ni
ts
]
  
 
A Jenike shear cell at DelftChemTec was used to determine the strength of the gypsum powder. 
This page shows the calibration of the load cell. The cell was loaded with a numbers of weights 
and the readings of the plotter recorded. Three calibration runs (1 before and 2 after the 
measurements) gave a number of readings, deviating considerably. A linear regression was 
applied to the data to obtain a scaling rule for the output readings. The deviation of the readings 
from the regression lines are used to obtain a standard deviation of the device. The readings have 
a standard deviation of r = ± 3.404. This corresponds to a standard deviation in the shear stress of 
305 Pa. The normal stresses are more robust and have an uncertainty of 2 g ≈ 3 Pa. 
 
weight [g] readings [units] regr. [u] diff[u] diff² 
144,7 3 4,998 -1,998 3,990 
1587,7 34 27,319 6,681 44,634 
3030,7 57 49,641 7,359 54,160 
4473,7 71 71,962 -0,962 0,926 
5231,8 81 83,689 -2,689 7,231 
144,9 4 5,001 -1,001 1,001 
1587,9 27 27,322 -0,322 0,104 
2085,9 35 35,026 -0,026 0,001 
3528,9 59 57,347 1,653 2,732 
144,9 4 5,001 -1,001 1,001 
1587,9 24 27,322 -3,322 11,037 
2085,9 34 35,026 -1,026 1,052 
3528,9 54 57,347 -3,347 11,204 
   
   
sample standart deviation √[1/(n-1) ·Σ(x-µ)²]  
3,404   
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7.5.1.2 Powder Strength measured with Jenike Shear cell 
 
Set  weight [g] r. peak [u] r relax [u] σ [Pa] τ peak 
[Pa] 
τ relax 
[Pa] 
stddev 
a 4231,3 40 5865   
a 2788,3 30,5 28,5 3865 2485,56 2306,36 305,03
b 4231,3 44 5865   
b 2788,3 34 30 3865 2799,16 2440,76 305,03
b 1345,3 20,5 17,5 1865 1589,57 1320,77 305,03
c 4231,3 41,5 5865   
c 3286,3 35 32 4555 2888,76 2619,96 305,03
c 2988,3 32 30 4142 2619,96 2440,76 305,03
c 2788,3 31,5 28,5 3865 2575,16 2306,36 305,03
c 1345,3 19,5 17 1865 1499,97 1275,97 305,03
c 100 5 3 139 200,77 21,57 305,03
d 4231,3 44 5865   
d 1545,3 21 18 2142 1634,37 1365,57 305,03
d 1463,3 18 15 2028 1365,57 1096,77 305,03
d 1245,3 15,5 14 1726 1141,57 1007,17 305,03
d 100 4 2 139 111,17 -68,03 305,03
e 4231,3 41 5865   
e 2788,3 31 28 3865 2530,36 2261,56 305,03
e 1345,3 19 15 1865 1455,17 1096,77 305,03
f 4231,3 42 5865   
f 1345,3 20 15 1865 1544,77 1096,77 305,03
  
To measure the shear strength with a Jenike shear cell, the cell is filled with the powder and 
preloaded. The first load has the largest mass and compresses the powder. Shearing is induced 
until a peak shear stress is observed. This preloading and the preshearing is done to create a 
comparable starting point since the material is organized to a critical point. When this is achieved, 
the load is reduced and the shear strength measured. This technique however is questionable in 
respect to the powder structure of the experiment, since it is believed that the initial pre-
deformation strength differs considerably from the post-shear strength as an effect of powder 
cluster reorganisation and breakdown. 
 
The measurements with the shear cell were repeated several times to minimize to effects of the 
large scatter of the device. Unfortunately the shear cell did not support low normal stresses. The to 
the experiment important regime of σn < 2000 Pa is not measured properly. It is believed that the 
friction angles are much higher and the cohesion is much smaller in this regime. Therefore the 
friction angle and cohesion measured with these techniques only apply for intermediate stresses 
and correspond to a column height of > 20 cm. 
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Jenike Shear cell with 5865 Pa preload
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Jenike Shear cell with 5865 Pa preload
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Plots show the measurements on the strength of the powder. The blue line is the peak strength 
while the red line shows the dynamic strength. Plots use linear and p2 regression.  
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7.5.2 Measurements with shear cell at Endogene Dynamik/Aachen 
7.5.2.1 Calibration LVDT at Endogene Dynamik/Aachen 
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Two LVDTs are available for the measurements. The output range of 0-10 V covers more than 12 
cm. One LVDT is used for displacement measurements and one is put on top of the shear table to 
monitor dilatancy or compression. The calibration curves show a good linear relationship (R2≈1). 
The linear regression is used to convert the voltage readings into length.
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7.5.2.2 Calibration load cell at Endogene Dynamik 
Calibration Loadcell
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The load cell is used to measure the force needed to move the shear table. It is calibrated by 
loading it with a number of weights. Linear regression shows a correlation of R2≈1.  
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The shear table has low friction bearings and a counterweight. Since some of the load is lost to a 
poor weight balance and to internal friction of the system, the table was loaded successively with 
masses and the response of the intercalated load cell was measured. The theoretical response (in 
respect to the real load – red line in previous diagram) was compared to the measured and 
therefore effective load (blue line in previous diagram). 
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The upper diagram shows, that the load on the table and the effective load on the shear cell are 
highly correlated. A balance difference of 139.67 g is evident as well as a linear loss of 
approximately 4% due to frictional effects. With this linear relationship it is possible to determine 
the effective load on the shear sample.   
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7.5.2.3 Methodology of shear experiments  
 
 
 
 
The shear experiments are done with a purpose made shear box available in the sandbox 
laboratory in the Endogene Dynamik department at the RWTH Aachen. Since the device was not 
constructed to measure gypsum samples some modifications were applied. The shear table was 
covered with coarse sandpaper to prevent sliding of the material; a faster motor was installed to 
allow convenient measurements; a vertical LVDT was put on the shear table to monitor 
compressional or dilatational movements.  
 
A 12 cm × 12 cm large area was covered with the powder material by using a wooden frame (15 
mm high) and the same sieve used within the experiments. After sieving the powder into the frame, 
the surface is made smooth and parallel by stroking over the frame. The lower plate with the 
sample is put into the box and the setup is loaded with 2000-3000 Pa.  
The deformation rate is kept constant and the force needed to move the table measured with the 
load cell. Deformation rate is 0.02528 mm·sec-1.  
 
Table size: 12 cm × 12 cm 
Sample height: 1.5 cm 
Initial load: depending on experiment (range is 2000-3000 Pa).  
Deformation rate: 0.02528 mm·sec-1 
Acquisition rate: 1 Hz 
 
The initial shearing does not show a peak shear stress with a successive softening (stress drop) 
when starting the experiment. To allow reproducible measurements, the samples are loaded with 
the highest weight at the start and shearing is induced until a saturation shear stress is evident. 
The force on the table is then removed. This initial shearing is identical to the preloading within the 
Jenike shear cell measurements and allows the material to organise itself obtaining a reproducible 
internal structure. This preloading compresses the powder and it has to be assumed, that the 
reduced porosity increases the strength (porosity affects tensile strength; SCHWEIGER) of the 
material. 
 
If the saturation shear stress is reached, the shear stress is removed, the normal stress on the 
sample is reduced and further shearing is induced. The τ/σ-curves show that after the pre-shearing 
the samples have peak shear stresses and dynamic shear stresses. The shear stress values need 
to be smaller (due to the reduced load) as the first pre-shearing saturation shear stress to be used 
within the analysis.  
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7.5.2.4 Gips0006.dat 
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gips0006.dat: Preload is 1259 Pa with a saturation stress of approximately 800 Pa. After reducing 
the load the shear stresses show peak and dynamic values. Since the successive values are 
dropping, all values but the largest ((σ,τ) = (1259, 800)) can be used for analysis.  LVDT1 shows 
compression throughout the entire experiment. The shearing starts approximately at data point 90. 
Thereafter the experiment compresses ≈ 0.1 mm (15 mm initial height). The shearing and the 
preloading may affect the bulk porosity and therefore the material strength. 
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7.5.2.5 Gips0008.dat 
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gips0008.dat:  This sample is preloaded with 1259 Pa. The saturation shear stress was not 
reached (compare to gips0006.dat with τ = 800 Pa at σ = 1259 Pa), therefore further 
measurements are not smaller although loaded with less weight. The largest data pair to be used 
is the pair (σ,τ) = (900, 665). Note the curved character of the measurements in the lower figure 
close to the origin. Compression is evident but small in the range of 0.1 mm. 
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7.5.2.6 Gips0009.dat 
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gips0009.dat:  This sample is preloaded with 1792 Pa. The saturation shear stress was not 
reached again. The second measurement (first figure) is not smaller therefore the third data pair is 
the first robust measurement (σ,τ) = (1447, 1067). Compression is evident but small in the range of 
0.1 mm. 
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7.5.2.7 Gips0001.txt 
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gips0001.txt: This run is preloaded with 1918 Pa. Saturation stress was not reached, therefore the 
second peak is not considered as a good data point. After deleting the two largest data pairs, pair 
(σ,τ) = (1297, 929) is the first good pair to be used. 
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7.5.2.8 Gips0002.txt 
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gips0002.txt: Experiment run pre-loaded with 1918 Pa. The first robust measurement is the third 
largest peak with (σ,τ) = (1297, 1072)  
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7.5.2.9 Gips0003.txt 
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gips0003.txt: Preloaded with 1918 Pa, the first measurement that shows smaller shear stresses is 
(σ,τ) = (1297, 988). 
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7.5.2.10 Gips0004.txt 
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gips0004.txt: Preloaded with 1918 Pa, the first measurement that shows smaller shear stresses is 
the third largest with (σ,τ) = (1588, 1061). The largest and the second largest data pair need to be 
removed from the analysis. 
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7.5.2.11 Gips0005.txt 
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gips0005.txt: Preloaded with 2432 Pa, the first measurement that shows smaller shear stresses is 
the third largest with (σ,τ) = (1810, 1289). 
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7.5.2.12 Gips0006.txt 
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gips0006.txt: Starting with a preload 2423 Pa, already the second data point (σ,τ) = (1916, 1426) 
can be used for analysis. 
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7.5.2.13  Shear cell – blind run 
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A blind run was performed with the shear cell to determine the friction and the noise within the 
system. Table/Load cell contact starts at data point 37. The scatter is in the range ±12 Pa and is 
considered small in respect to the measured values. 
 
 
7.5.2.14 Sand0002.txt 
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y = 0,5061x + 26,551
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sand0002.txt: A shear experiment was done with a sand sample as well. Since the sand has 
virtually no cohesion it is not able to support vertical slopes. The wooden frame used to make the 
shear sample could not be used since a 15 mm high sample was not stable. Instead the sand was 
poured on the sandpaper to only a minor height. The size of the contact to the upper shear table 
was approximated by using a transparent plate. Unfortunately the determination of the area is only 
a crude approximation. Since the area of 90 cm² is not measured properly cohesion and friction 
angle determination are subject to larger uncertainty. Although quantitative measurements have to 
be neglected it is obvious, that the cohesion of the sand is much smaller as the within the gypsum 
powder. The stress/strain curve shows that the stress development within the sand is not as sharp 
as within the powder. Peak and dynamic shear stresses are not as distinct and the resulting curve 
(τ vs. σ) lacks the convex character. Please note, that the sand shows no compression during 
shearing. 
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7.5.3 Overview of all shear experiments 
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The shear experiments done at the Endogene Dynamik cover the range of 0 < σn < 1500 Pa with a 
good reproducibility. The measurements done with the Jenike shear cell at DelftChemTec have a 
larger scatter and produce readings for stresses around σn ≈ 2000 Pa and σn ≈ 4000 Pa. The 
values produced by the two different devices are in good correspondence and cover the 
overburden stresses (σV) of the experiment.  
The displayed curve is slightly convex. Therefore a linear interpolation is not recommended since it 
would derive representative values.  
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While the Jenike Shear cell values would deliver a cohesion of 220 Pa and a friction angle of Φ = 
31.5°, the curve of the values below σn = 1500 Pa deliver Cf = 116 Pa and Φ = 35.7°. This shows 
that the material behaviour deviates from the Mohr-Coulomb criteria at very low overburden 
stresses.   
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7.5.3.1 Matlab codes and plots: Regression formula applied to the data 
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The values from the shear tests were applied to Matlab to derive a different regression that that not 
would have been possible in Microsoft Excel. Griffith uses in this formula for a yield locus a 
parabola defined only by the tensile strength of the material. Since the tensile strength was not 
derived from the shear experiments, it cannot be applied to any formula. Similar to Griffith I used a 
parabola (rotated 90°) of the form σ = a + b· τ 1.175. Using a matrix inversion in Matlab the 
coefficients a and b are determined to deliver a best fit to the data. The variable a allows the 
existence of cohesion, while b governs the slope of the parabola. The formula chosen in a way that 
the slope ∆τ/∆σ at σ=0 is 90° and the curve is symmetric to the σ-axis. 
 
 σ = a + b· τ 1.175 
 a = -47 Pa 
 b = 0.38 
 σ = -47 + 0.38 · τ 1.175  ↔ τ = [(σ+47) / 0.38]0.85 
 
The cohesion (σ=0) with this formula is Cf = 62 Pa and the tensile strength is σT = 47 Pa. 
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Figure shows the previous plot in a close-up view on the lower values with the display of the 
cohesion and the tensile strength. Note the good fit in the lower region of the plot, as well as the 
90° slope of the left termination. 
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Plot shows the development of the friction angle in respect to the normal stresses derived from the 
regression formula. The plots are based on the program sheartest3_variation.m, listed on the next 
page. 
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7.5.3.1.1 Sheartest3_variation.m 
 
Purpose: Takes the shear test values, determines a regression formulas and makes 3 plots seen 
in the subsequent chapter. 
 
 
% formula for the regression of the shear values 
% Marc Holland 
% march 03rd 2004 
% version 3 
% _____________________________________________________ 
 
% load the data into the program 
data =[20 74 
32 190 
(…) 
4555 2888]; 
 
tau = data(:,2);    % isolate the shear stresses 
sigma = data(:,1);  % isolate the normal stresses 
 
A = ones(size(data,1),2);   % prepare a matrix for the inversion 
A(:,2)=tau.^(1./0.85);      % second column is filled with exponential term 
b_temp=A\sigma;             % apply inversion 
 
b(1)=b_temp(1);             % derive coefficient A  
b(2)=0;                     % this is a relict - ignore it 
b(3)=b_temp(2);             % derive coefficient B for the exponential term 
 
tau_neu=0:5:max(tau);       % make new datapair within the range 0..max 
sigma_neu= b(1)+tau_neu.*b(2)+b(3).*tau_neu.^(1./0.85);  
% recalculate sigma in respect to the new formula 
 
figure(1);                 % open figure 1 
clf;                       % clean it from previous data 
plot(tau,sigma,'+');       % Plot the datapairs (x/y shifted!) 
hold on;         
plot(tau_neu,sigma_neu,'--');   % Add the regression curve 
ylabel('\sigma [Pa]');          % annotate 
xlabel('\tau [Pa]'); 
 
figure(2);                  % open figure 2 
plot(sigma_neu,tau_neu);    % plot with axis put in properly 
hold on; 
plot(sigma,tau,'+');        % data points added! 
grid on;                    % grid added 
xlabel('\sigma [Pa]');      % annotate 
ylabel('\tau [Pa]'); 
 
m = diff(tau_neu)./diff(sigma_neu); % Determines the slope numerically 
 
angle = atan(m)./pi.*180;           % convert slope into angle [°] 
 
figure(3);                          % Open figure 3 
plot(sigma_neu(1:length(sigma_neu)-1),angle);  
% plots the data; note that the size of the matrices need to be adjusted. 
 
grid on;                            % grid and annotate 
xlabel('\sigma [Pa]'); 
ylabel('\phi fricton angle [°]'); 
 
appendix  diploma thesis  
46 
7.5.4 Matlab codes for geometric plots 
7.5.4.1  function plot_mohrcircle.m 
 
Purpose: Takes the principle stresses σ1, σ3 along with tension and pore pressure to draw a circle 
into the Mohr-space. Three crosses mark the σ1-, σ3- and ½·[σ1+ σ3] -coordinates. Function is used 
in the next program. 
 
 
function plot_mohrcircle(s1,s3,tension,p); 
% function for a mohrcircle to be used by external programs 
% Marc Holland 
% March 4th. 2004 
%______________________________ 
 
s = [s1 0            % this is the stress tensor 
     0 s3-tension];         % all values in [Pa] 
 
 
  
s_middle = sum(diag(s))./2;     % mid point of mohr circle 
                     
s_r=( ((s(1,1)-s(2,2))./2).^2 +s(1,2).^2 ).^0.5; % radius of mohrc. 
 
i=-pi:0.1:pi;   % array for drawing a circle 
 
hold on; 
plot(s_middle+cos(i).*s_r,sin(i).*s_r,'k'); % this draws the mohr circle 
plot(s(1,1),s(1,2),'+','Linewidth',2,'MarkerSize',5);  % put in sxx, sxy 
plot(s(2,2),s(2,1),'+','Linewidth',2,'MarkerSize',5);  % put in syy, syx 
plot(s_middle,0,'+','Linewidth',2,'MarkerSize',5);     % mark midpoint 
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7.5.4.1.1 mohrspace1b.m 
 
Purpose: Plots the yield envelope and determines the local friction angle. The normal to this angle 
points to the centre of a Mohr circle. The Program determines the friction angle, rotates 90° 
clockwise and determines σ1 and  σ3 of the circle. A plot with differential stresses vs. depth as well 
as the development of the fault dip angle is plotted as well as a selection of Mohr circles. 
DETERMINATION OF THE MOHRCIRCLE IS DONE BASED ON GEOMETRIC 
CONSIDERATIONS. Mohrspace2.m does the same numerically. Basalt envelope is treated as 
well. 
 
 
% Program name   :   mohrspace1b.m 
% Autor          :   Marc Holland 
% Purpose        :   Preparing scaling issues, creation of yield envelopes and  
%                    plots of fracture angles 
% Last Update    :   March 4th. 2004 
% ------------------------------------------------------------------------ 
 
clear all; 
% POWDER ------------------------------------------------- 
d_p=860;            % density kg/cm³ 
int_fa_p = 0.7186   % interpolated friction angle 
int_co_p = 200     % interpolated cohesion [Pa] 
 
sigma = -47:5:1000;             % define an abritary normal stress range for the powder 
tau = ((sigma+47)./0.37).^0.85; % calculate the shear stresses in respect to the regression 
 
depth_p = sigma./9.81./d_p;  % defining the powderdepth [cm]; 
sigma_p=sigma;               % this one's is valid for the powder as well 
tau_p=sigma; 
 
% BASALT ------------------------------------------------- 
d_b = 2800; 
int_fa_b = 0.66;        % friction angle 
int_co_b = 32000000;    % cohesion [Pa]; 
%---------------------------------------------------------- 
 
density_ratio = d_b./d_p;               % calculate the density ratios; 
strength_ratio = int_co_b./int_co_p;    % calculate strength and stress ratio 
 
length_ratio = strength_ratio./density_ratio;   %these define the length_ratios 
 
depth_b=depth_p.*length_ratio;      % calculate corresponding depths for basalt 
sigma_b=depth_b.*9.81.*d_b;         % determine the stresses 
tau_b=sigma_b.*int_fa_b+int_co_b;   % calculate mohr-c.-envelope for the basalt; 
 
scaled_db=depth_b./length_ratio.*100;   % scaled depth in [cm] 
scaled_sb=sigma_b./strength_ratio;      % scaled stresses 
scaled_tb=tau_b./strength_ratio;        % scaled stresses 
 
figure(1);                      % open figure (1) 
clf; 
plot(sigma,tau,'Linewidth',2);    % plot shear vs. normal stresses POWDER 
grid on; 
xlabel('\sigma [Pa]'); 
ylabel('tau [Pa]'); 
title('powder model and scaled basalt'); 
axis equal; 
hold on; 
plot(scaled_sb,scaled_tb,'--');    % add the basalt line 
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axis equal; 
 
 
% determination of the mohrcircle data for the BASALT  
% ----------------------------- 
 
touch_b=ones(size(scaled_db)).*tan(atan(int_fa_b)-pi./2); 
%this is the slope 90° to the yield envelope 
 
sigma_mb = scaled_sb+abs(scaled_tb./touch_b);     
%This slope allows to calculate 0.5*(s1+s3) = Mohrcircle midpoint 
 
r_circleb = (scaled_tb.^2+(scaled_tb./touch_b).^2).^0.5;  % This is the Mohrcircle diameter 
s3b = sigma_mb-r_circleb;        % calculate s3 
s1b = sigma_mb+r_circleb;        % calculate s1 
 
alphab = atan(touch_b)./pi.*180;   % angle of the normal at the tangent 
tetab = 90+alphab./2;              % determine teta of the mohrcircle 
 
 
% determination of the mohrcircle data for the POWDER 
% ----------------------------- 
 
fc = diff(tau)./diff(sigma);   % calculate the derivative of the curve numerically 
% this gives the friction coefficients. 
 
one_more = size(fc,2); 
fc(one_more+1)=fc(one_more);  % duplicate the last value so the matrizes have the same size 
 
touch = tan(atan(fc)-pi./2);  % determine the local slope (fr. coeff) and subtract 90°.  
sigma_m = sigma+abs(tau./touch);    %This slope allows to calculate 0.5*(s1+s3) = 
Mohrcircle midpoint 
r_circle = (tau.^2+(tau./touch).^2).^0.5;   % This is the Mohrcircle diameter 
s3 = sigma_m-r_circle;        % calculate s3 
s1 = sigma_m+r_circle;        % calculate s1 
 
depth = s1./9.81./d_p*100; % corresponding depth in cm in respect to s1 
sd = 2.*r_circle;           % differential stress sig1-sig3; 
 
alpha = atan(touch)./pi.*180;   % angle of the normal at the tangent 
tetaa = 90+alpha./2;            % determine teta of the mohrcircle 
 
% ----------------------------------- 
figure(2);      % open figure 2 
clf; 
subplot(1,2,1); 
plot(sd,depth); % plot the differential stress 
xlabel('\sigma1-\sigma3 [Pa]');  
ylabel('depth [cm]'); 
hold on; 
grid on; 
axis ij; 
plot(s1b-s3b,depth,'--'); 
 
subplot(1,2,2); 
plot(tetaa,depth);% plot dip angle vs depth. 
xlabel('Extension fracture dip angle [°]');  
ylabel('depth [cm]'); 
grid on; 
axis ij; 
hold on; 
plot(tetab,depth,'--'); 
 
figure(3) % open figure 3 -powder 
clf; 
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hold on; 
plot(sigma,tau,'Linewidth',2);    % draw yield envelope upper half 
plot(sigma,-tau,'Linewidth',2);   % and the lower half 
xlabel('\sigma [Pa]'); 
ylabel('\tau [Pa]'); 
title('Powder'); 
grid on; 
 
axis equal; 
 
selection = [3 6 12 24 48];   % take a selection of abritary points 
 
for d=1:1:size(selection,2)     % loop through the selection 
    i =selection(d); 
    plot_mohrcircle(s1(i),s3(i),0,0);   %draws mohrcircles for the selection 
    plot([sigma_m(i), sigma_m(i)+tau(i)./touch(i)], [0, tau(i)],'r'); 
    % draws the 2*TETA-line 
end; 
 
figure(4); % open figure 4 - basalt 
 
clf; 
hold on; 
plot(scaled_sb,scaled_tb,'Linewidth',2);    % draw yield envelope upper half 
plot(scaled_sb,-scaled_tb,'Linewidth',2);   % and the lower half 
xlabel('\sigma [Pa]'); 
ylabel('\tau [Pa]'); 
title('Scaled Basalt'); 
grid on; 
axis equal; 
 
selection = [3 6 12 24 48];   % take a selection of abritary points 
 
for d=1:1:size(selection,2)     % loop through the selection 
    i =selection(d); 
    plot_mohrcircle(s1b(i),s3b(i),0,0);   %draws mohrcircles for the selection 
    plot([sigma_mb(i), sigma_mb(i)+scaled_tb(i)./touch_b(i)], [0, scaled_tb(i)],'r'); 
    % draws the 2*TETA-line 
end; 
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7.5.4.1.2 Figures produced by mohrcircle1b.m 
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Figures produced by mohrcircle1b.m: Upper left figure shows the yield envelope of the powder 
as determined by the regression formula. The stippled line is the scaled Mohr-Coulomb-locus of a 
basalt equivalent. Note that the basalt deviates from the powder curve in the lower stress regime. 
The strength (σ1-σ3) curve (upper right figure, left section) as well as the dip angle of extension 
related faults (upper right figure, right section) deviate considerably as well. This is illustrated by 
the lower plots (left: powder; right: scaled basalt)
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7.5.4.1.3 mohrspace2.m 
 
Purpose: Plots the yield envelope and determines the local friction angle. DETERMINATION OF 
THE MOHRCIRCLE IS DONE BASED ON NUMMERICAL TECHNIQUES. Mohrspace1.m does 
the same with a geometric consideration. Mohrspace2.m takes the regression envelope and a 
series of intermediate stresses. It successively determines the closest point of the envelope in 
respect to the intermediate stress points (Centre of Mohr circle). The derived scatter shows the 
sensitivity of the system. 
 
% mohrspace2.m 
% Marc Holland 
% purpose: This program does the same thing as mohrspace1.m but only numerically 
%  
%_______________________________________________ 
 
sigma = -47:2:1000;             % define an abritary normal stress range for the powder 
tau = ((sigma+47)./0.37).^0.85  % calculate the shear stresses in respect to the regression 
 
figure(1);          % open figure (1) 
clf; 
plot(sigma,tau);    % plot shear vs. normal stresses 
grid on; 
xlabel('\sigma [Pa]'); 
ylabel('\tau [Pa]'); 
title('powder model'); 
axis equal; 
hold on; 
 
sm = -37:0.2:1000;  % define an array of intermediate stresses 
 
for i=1:1:size(sm,2)    % loop through each element 
 
    dummy = ones(size(sigma)).*sm(i);               %use dummy to store the stress 
    distance = ((sigma-dummy).^2+tau.^2).^0.5; %determine distance of curve to stress point 
    [value,where]=min(distance);                    %find the minimum distance 
 
         
    radius(i) = abs(distance(where));               %radius of mohrcircle 
    s1(i)=sm(i)+distance(where);                    %this is s1 
    s3(i)=sm(i)-distance(where);                    %this is s2 
    a(i)=90-(atan2(tau(where),sm(i)-sigma(where))./pi.*180)./2; %fault angle 
end; 
 
figure(2) 
subplot(1,2,2); 
plot(a,s1./9.81./860.*100); % plot fault angle vs. depth 
grid on; 
xlabel('angle [°]'); 
ylabel('depth [cm]'); 
axis ij; 
 
subplot(1,2,1); 
plot(s1-s3,s1./9.81./860.*100); % plot differential stress vs. depth 
xlabel('\sigma1-\sigma3 [Pa]');  
ylabel('depth [cm]'); 
grid on; 
axis ij; 
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7.5.4.1.4 Figure produced by mohrcircle2.m 
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Figure shows the same plot as with mohrspace1b.m only this time, the results are determined 
numerically. While the strength curve (left) is virtual identical (radius of the Mohr circle), the dip 
angle of an extension fault shows a large scatter. This is a function of the curved character of the 
powder yield envelope. Since the envelope is convex, the curvature of the curve is similar to a 
Mohr circle in the lower stress regime. Therefore the intersection of the circle with the envelope is 
very sensitive. The possible fracture orientation is therefore more dictated by local perturbations 
due to heterogeneities. The good angle definition in deeper parts is more robust and probably 
dictated by the stress orientation and not the heterogeneities. 
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7.5.5 Tensile Strength measured by Apotheker M. Eber 
 
The tensile strength of the powder/sand-mixture was measured at the Lehrstuhl für 
Pharmazeutische Technologie in Würzburg. Prof. Dr. I. Zimmermann kindly provided the possibility 
to send a powder sample. Apotheker Marcus Eber used a measuring device developed by 
Schweiger (modified by Anstett) to obtain the tensile strength. 
 
Measurements of tensile stresses 
Measurements made by Marcus Eber at   
Lehrstuhl für Pharmazeutische Technologie/Würzburg 
    
Tensile Stress [Pa]   
    
39.2145  σ( t) [Pa] 32.96 
33.2521  StdDev [Pa] 3.73 
35.2141    
28.5891    
36.6919    
33.4304    
30.7805    
29.4045    
30.118    
36.9722    
40.7943    
33.2266    
32.8444    
31.1118    
32.2074    
29.43    
34.1948    
30.8314    
35.4179    
25.557    
 
 
Mesh size of sieve: 1.5 mm 
Diameter sample: 34.4 mm 
Height sample: 5.2 mm 
Size aluminium piston: 0.385 cm² 
Adhesive material: 5% (mass) Vaseline in petrol ether.  
Pre pressure: 153 Pa 
Press velocity: 3.4 µm/sec 
Press duration: 10 sec. 
Pull velocity: 1.7 µm/sec 
Climatic conditions: 30-35% relative humidity; 20° Centigrade 
Number of measurements: 20 
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7.6 Construction drawings and details 
 
 
 
 
